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PREFACE 

Design of water treatment plants is evolving. New technologies and unit processes con- 
tinue to emerge and have become much more common since publication of the third edi- 
tion of Water Treatment Plant Design 7 years ago. Security issues, summarized in a new 
chapter in this fourth edition, have forever redirected many aspects of design. Additional 
reference materials for security design considerations are becoming available and should 
be consulted for further information. 

Equipment design continues to broaden, yet sources of manufactured products have 
become more consolidated in the past 7 years. This new edition contains numerous revi- 
sions of illustrations and photography; however, not all new technologies or equipment 
offerings are represented. The American Water Works Association (AWWA) and the 
American Society of Civil Engineers (ASCE) are interested in obtaining input from read- 
ers on how to facilitate the future exchange of information on equipment. Alternatives 
such as Web-based links are being considered to better provide needed product informa- 
tion to the design community. 

The first version of Water Treatment Plant Design was published in 1939 as a man- 
ual of engineering practice for the ASCE. In 1969, the manual assumed book form and 
was updated to include a discussion of developments in pretreatment and filtration pro- 
cesses. The 1969 edition was the result of a joint effort between committees of the ASCE, 
the AWWA, and the Conference of State Sanitary Engineers (CSSE). 

The second edition was produced in 1990 through a joint effort of the AWWA and 
the ASCE. The material for each chapter was prepared by one or more authors and re- 
viewed by a joint committee of AWWA and ASCE members. 

The third edition, published in 1998, was a joint AWWA and ASCE effort and was 
essentially a complete rewrite of the previous edition. The information presented in the 
book was prepared as a guide and represented a consensus of opinion of recognized au- 
thorities in the field. A steering committee made up of members from both associations 
guided the revision process. 

Updates to this fourth edition provide significant new information on many important 
topics. Authors from engineering firms and water utilities throughout North America have 
revised the chapters and written the two new chapters on UV technologies and security. 
Providing support to the chapter authors was a significant base of volunteer reviewers. 
Due to the ability of the authors to distribute drafts of their chapters electronically to large 
numbers of prospective reviewers, it became apparent that the attempt to accurately name 
all reviewers would result in inadvertent omissions. Therefore a general acknowledgment 
and thanks to all reviewers is hereby offered. 

Guiding the development of the entire fourth edition was a dedicated joint 
AWWA/ASCE steering committee. The members of this committee were 

C. Michael Elliott (Chair), Steams & Wheler, LLC 

Bruce E. Burris, HDR Engineering, Inc. 

Anthony J. Geiss, Jr., Onondaga County Water Authority 
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CHAPTER 1 

THE CHALLENGE OF WATER 
TREATMENT PLANT DESIGN 

Thomas J. Lane 
Malcom Pirnie, Inc. 

Jackson Heights, New York 

When water treatment engineering first evolved in the early part of the twentieth century, 
its main goal was to ensure that infectious organisms in drinking water supplies were re- 
moved or inactivated. Chlorination and filtration practices were applied with tremendous 
success to the point that major death-causing waterborne disease outbreaks in the United 
States were virtually eliminated by the 1930s. 

As a result, for engineers trained in the 1960s, 1970s, and 1980s, both education and 
industry belief was that all concerns of microbiological contamination in surface waters 
could be eliminated by providing filtration (with suitable pretreatment) to produce water 
of sufficient clarity (turbidity less than 1.0 or 0.5 ntu) and then chlorinating. Groundwa- 
ter was thought to be already filtered, requiring only chlorination to maintain a distribu- 
tion system residual. Any additional treatment was generally considered necessary only 
to address non-health-related parameters, such as excessive hardness or water discol- 
oration caused by iron and manganese. 

The principal challenge to water treatment engineers in the 1960s and 1970s was en- 
gineering cost-effectiveness: how to accomplish these simple treatment goals at the low- 
est total cost to the water utility. Thus, in these decades many new techniques and pro- 
cesses were developed to clarify surface water economically. These developments included 
improvements to sedimentation basin designs; high-rate clarification processes such as 
tube settlers, plate settlers, and dissolved air flotation; high-rate filtration processes; and 
proprietary preengineered or package equipment integrating flocculation, settling, and fil- 
tration processes. 

In the 1970s and 1980s a new drinking water concern arose: the potential long-term 
health risks posed by trace amounts of organic compounds present in drinking water. A 
wave of regulations ensued with new maximum contaminant levels (MCLs) established 
for total trihalomethanes (TTHMs), pesticides, and volatile organic chemicals (VOCs). 
This trend continues today. In response to this concern and resulting treatment needs, wa- 
ter treatment engineers have successfully devised new methods of water treatment to re- 
move organic compounds. These methods, such as air stripping, activated carbon ad- 
sorption, and enhanced coagulation, have been a primary focus of water treatment 
engineering over the last 20 years. 

1.1 
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In the 1990s the old concern about microbiological contamination reemerged as a pri- 
mary focus of water treatment engineers. The main driving forces behind this develop- 
ment were: 

• The promulgation of the Surface Water Treatment Rule and Total Coliform Rule by 
the U.S. Environmental Protection Agency (USEPA) and the monitoring and enforce- 
ment actions that have occurred since 1989, when they went into effect 

• Recent documented cases of contamination of drinking water supplies by waterborne 
diseases, mainly giardiasis and cryptosporidiosis, caused by cysts rather than bacteria 

New approaches and processes began to be applied and continue to evolve to address 
these concerns. These approaches include renewed emphasis on source water protection, 
optimizing plant performance, and recycle stream management, plus consideration of new 
technologies, especially membrane treatment and ozonation. 

Recently, new health effects research has led to reconsideration of the safe drinking 
water concentrations for several inorganic contaminents. In the United States the MCL 
for arsenic was reduced dramatically--from 50 to 10 ppb. This has created new treatment 
challenges for many utilities. 

The effects of planned and unplanned recycling of municipal wastewater into raw wa- 
ter sources are gaining increased attention. A new class of constituents emanating from 
modern human life has been discovered in trace amounts in water supplies. These include 
pharmaceutical compounds and personal hygiene products. Additionally, new "emerging" 
pathogens are being discovered and their potential occurrence and treatability in water 
supplies evaluated. The potential impacts of these developments on the design require- 
ments for water treatment facilities have yet to be determined. 

In the last decade, new water treatment technologies have continued to be developed 
and older technologies improved. Notable developments have been 

• The sudden emergence of ultraviolet (UV) radiation as a viable and economic process 
for achieving inactivation of cryptosporidium and other protozoan pathogens. 

• The continued development and maturing of membrane technologies. Microfiltration 
and ultrafiltration are being used frequently for particulate removal in lieu of granular 
media filtration. Nanofiltration is being used increasingly for water softening and re- 
moval of organic carbon. Reverse osmosis has new emphasis for desalination applica- 
tions and for removal of inorganic contaminents (e.g., arsenic). 

Finally, since September 1 l, 2001, there has been increased recognition of the vul- 
nerability of municipal water systems to acts of terrorism and vandalism. New approaches 
to siting and designing critical system components, including water treatment plants, are 
evolving to reduce this vulnerability. 

TODAY'S CHALLENGES 

Engineers who design water treatment systems today face many challenges. The most im- 
portant of these are described as follows. 

Integrated Treatment Systems 

Traditional treatment engineering has focused on the treatment plant as the sole vehicle 
for controlling drinking water quality. The engineer's role was to characterize the qual- 
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ity of the source water entering the plant and devise treatment facilities to produce water 
meeting drinking water standards. The point of measurement for drinking water standards 
was the finished water exiting the plant. 

Today's engineer must view the water treatment plant as only a major component in 
a multistep treatment process. This process includes consideration of the path that the wa- 
ter travels upstream of the plant in the watershed and the elements of the water trans- 
mission and distribution system downstream of the plant. Changing water quality must 
be managed in each of these steps, and new regulations require that drinking water stan- 
dards be met at the customer's tap. 

Regulatory Uncertainties 

The definition of "safe" drinking water, which remained relatively fixed in the 1950s, 
1960s, and 1970s, now seems to be constantly changing or under review as the water util- 
ity industry grapples to understand the potential health effects of trace amounts of an in- 
creasing variety of chemical compounds and infectious organisms. Today's treatment sys- 
tem engineer, in addition to addressing current drinking water standards, must anticipate 
potential future requirements. A water system designed today must be designed with suf- 
ficient flexibility to be modified to meet these potential requirements. 

Regulatory uncertainties extend to other environmental concerns important to water 
treatment plant design, including waste management practices, chemical storage and feed 
operations, and workplace safety. 

New Technologies 

The state of the art of water treatment plant design is continually changing as new tech- 
nologies emerge, offering new unit processes for water treatment or making currently used 
processes more efficient or economical. In addition, advances in computer technology and 
building materials are rapidly changing and improving the support systems associated with 
water treatment plants. 

Multidiscipline Teams 

A water treatment plant engineering design team traditionally consisted simply of a small 
group of civil engineers. This single-discipline team performed the majority of design 
work for virtually all plant components. Support disciplines of architects and structural, 
electrical, and mechanical engineers were used to execute the basic decisions made by the 
design team. 

Today, the complexity of project and regulatory requirements dictates that a far more 
multidisciplined approach be used. Typically, a small group of civil engineers remains as 
the "project" engineers, but this group uses the expertise and resources of many different 
specialists to execute the design. In addition to traditional design support disciplines, these 
may include 

• Process engineers 

• Plant operations specialists 

• Instrumentation and control engineers 

• Health and safety specialists 

• Environmental scientists 

• Specialists in environmental permitting and public participation 
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Major design decisions today are no longer made unilaterally by the project team. In- 
stead, a consensus is reached after participation by members of the design team and by 
individuals outside the team, including owners, operators, regulatory agencies, and the 
general public. 

Project Delivery 

The traditional procedure for construction of a new water treatment plant was for the en- 
gineering design and specifications to be prepared by an engineering f inn or the owner's 
in-house staff. Bids were then taken, and the contract was awarded to the lowest respon- 
sible bidder. The design team usually monitored the construction to see that the design 
intent was carried out, and after construction was completed, the facilities were operated 
by the owner. 

Today, a number of changes and variations to this traditional approach are being con- 
sidered or implemented. Two of the principal alternatives are 

• Design-build approaches, in which one entity is responsible for both design and 
construction 

• Privatization approaches, in which the facility is owned by a private entity providing 
treatment service for the water utility 

In addition, a global marketplace for water treatment engineering has developed. Ideas 
and practices are being exchanged among countries all over the world. In North Amer- 
ica, there is increasing consideration of European treatment practices, technologies, and 
firms. 

DEVELOPMENT OF WATER TREATMENT 
DESIGN PROJECTS 

A water treatment design project passes through many steps between the time when the 
need for a project is identified and the time that the completed project is placed into ser- 
vice. The period before construction commences can generally be divided into the fol- 
lowing phases: 

1. Master planning. Treatment needs and feasible options for attaining those needs are 
established in a report. In subsequent phases, this report may be periodically updated 
to adjust to both system and regulatory changes. 

2. Process train selection. Viable treatment options are subjected to bench, pilot, and 
full-scale treatment investigations. This testing program provides background data suf- 
ficient in detail to enable decisions on selecting the more advantageous options for po- 
tential implementation. These tests provide design criteria for major plant process units. 

3. Preliminary design. In this "fine-tuning" procedure, feasible alternatives for princi- 
pal features of design, such as location, treatment process arrangement, type of equip- 
ment, and type and size of building enclosures, are evaluated. In this phase, prelimi- 
nary designs are prepared in sufficient detail to permit development of meaningful 
project cost estimates. These estimates help in evaluating and selecting options to be 
incorporated into the final design and allow the owner to prepare the required project 
financial planning. 
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4. Final design. Contract documents (drawings and specifications) are prepared that 
present the project design in sufficient detail to allow for gaining final regulatory ap- 
provals, obtaining competitive bids from construction contractors, and actual facility 
construction. 

Many technical and nontechnical individuals must be involved, not only during the 
four phases of project development, but also between these phases to ensure that a proj- 
ect proceeds without undue delay. In addition to the engineer's design staff and the owner, 
these may include public health and regulatory officials, environmental scientists, and the 
public affected by both the proposed construction and the future water supply services to 
be provided. 

The process train selection phase is only briefly covered in this book. Theory and pro- 
cedures needed for this phase are the focus of Water Quality and Treatment. It is impor- 
tant that the interface between phase 1 and phase 2 and between phase 2 and phase 3 be 
carefully coordinated to allow uninterrupted continuity of design. In other words, viable 
options developed for consideration in phase 1, master planning, should provide a base 
for developing unit process test studies in phase 2. The process train selected in phase 2 
provides the basis for phase 3, preliminary design, in which other factors influencing de- 
sign are included in the evaluations before criteria for final design are developed and 
finalized. 

Careful coordination of the various phases and entities involved provides the owner 
and the engineer with the opportunity to develop the most advantageous treatment solu- 
tions and designs, and helps avoid pitfalls in the schedule and decisions that might add 
to the cost of the project. 

THE PURPOSE OF THIS TEXT 

Water Treatment Plant Design is intended to serve as the primary reference for engineers 
who take on today's challenges of water treatment plant design. It covers the organiza- 
tion and execution of a water treatment plant project from planning and permitting through 
design, construction, and start-up. 

The book is aimed at "project" engineers and managers: those professional engineers 
who lead the group of specialists who make up the design team. Generally, these indi- 
viduals are graduates of civil or environmental engineering programs and are registered 
professional engineers. 

For certain topics, especially the practical application of water treatment unit processes, 
this book aims to be an authoritative reference to design engineers. For other topics, only 
a general discussion of major concepts and issues is provided, and the reader is referred 
to more specialized references for detailed information. 

Many books in circulation address the subject of water treatment engineering. As a 
joint publication of the American Society of Civil Engineers (ASCE) and the American 
Water Works Association (AWWA), Water Treatment Plant Design attempts to present 
an industry consensus on current design practices. 

Organization of This Text 

For the convenience of readers, chapters in this book have been organized as follows: 

• Chapters 1, 2, and 3 examine the general preliminary and final design phases and en- 
gineering needs during project construction and initial operation. 
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• Chapters 4 through 14 address design practices for the major categories of unit pro- 
cesses applicable to water treatment plants. 

• Chapters 15 through 21 cover the support systems associated with the design of water 
treatment facilities. 

• Chapters 22 through 28 discuss general topics essential to developing a successful wa- 
ter treatment plant project. 

• Chapters 29 and 30 are new in this edition and provide information on ultraviolet dis- 
infection and security. 

Because of the rapid changes that the water treatment engineering industry is under- 
going, many chapters include a discussion of future trends. These sections attempt to in- 
form the reader of new developments not yet in general practice, but that may soon be- 
come so. 

BIBLIOGRAPHY 

A list is provided at the end of each chapter of references specific to the chapter subject. 
In addition, a number of other texts are cited that the design engineer should be aware of 
for reference and additional details. 

Relationship with Water Quality and Treatment 

The AWWA publication Water Quality and Treatment is intended to be a companion ref- 
erence to Water Treatment Plant Design and to serve as the primary reference for pro- 
cess engineers. Water Quality and Treatment provides details of water quality goals, with 
an emphasis on unit processes, standards, and the evaluation and selection of treatment 
process trains. 

Other Design References 

Other design references currently available include the following: 
Kawamura, Susumu. Integrated Design of Water Treatment Facilities. New York: John Wiley & 
Sons, 1991. 

Montgomery, James M. Water Treatment Principles and Design. New York: John Wiley & Sons, 
1985. 

Sanks, Robert L. Water Treatment Plant Design for Practicing Engineers. Ann Arbor, Mich.: Ann 
Arbor Science, 1978. 



CHAPTER 2 

MASTER PLANNING AND 
TREATMENT PROCESS 

SELECTION 

George P. Fulton 
Hazen and Sawyer, PC 
New York, New York 

The master plan is the first of many steps leading to a final water treatment plant design. 
In a strict sense, a public water system master plan is a very comprehensive document 
that includes many aspects of the ownership and operating features of that system. The 
principal intent of this chapter, however, is to address those issues of a master plan that 
affect water treatment plant design. Just as the master plan must recognize growth changes 
in a community as they may affect water supply demand and plant capacity, the plan must 
also observe trends in regulatory requirements that will influence treatment process se- 
lection. This chapter introduces the principal issues that provide the basis for design 
through its many phases with particular emphasis on treatment process selection that will 
not only permit compliance with current water quality goals, but also accommodate revi- 
sions and addition for future objectives. 

THE MASTER PLAN 

A master plan is the orderly planning of a water system's future improvement program. 
The initial step in preparing any water system design is to update the system's master 
plan. Many states and state utility commissions require all water systems to have an ac- 
tive master plan that anticipates system additions and improvements for many years into 
the future. The master plan for treatment should be periodically updated to reflect the im- 
provements needed to compensate for changing system requirements imposed by facility 
wear, customer requirements, and changing water quality regulations. 

Master Planning issues 

Master planning for water treatment facilities is often incorporated into the long-range 
capital improvement program for the water system. The master plan identifies present and 
future needs and the direction for developing the water system's facilities. Some specific 
items that should be covered are 

2.1 
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• Identification of existing system components and service area 

• Long-range projections of the area to be served by the water system 

• Planning periods for the various water system facilities 

• Present and future water demands 

• Regulatory requirements for the ultimate approval and operation of the system 

• Evaluation of alternative sources of supply 

In addition, technical, environmental, institutional, financial, and operations and main- 
tenance issues related to developing the recommended plan should be identified. This text 
is concerned with the design of water treatment plant facilities and with those aspects of 
master planning related to the physical features of design. Discussion of master planning, 
therefore, is essentially limited to those treatment considerations outlined by the chapter 
subjects. In addition to process and facility design issues, the scope would also include 

• Site and facilities arrangement 

• Environmental impact 

• Construction costs 

• Operations and maintenance (scope and costs) 

Where design is to rehabilitate an existing plant, many of the data, such as operations 
and maintenance costs, may be provided from past experience. In this case, background 
site and environmental experiences may also exist to guide future direction. 

More master planning difficulties are encountered in the design of a completely new 
facility. In this situation, background process and cost data are usually obtained from 
nearby operating facilities, from the experience of other water supplies with a similar wa- 
ter source, or from references such as those published by the U.S. Environmental Pro- 
tection Agency (USEPA) and the AWWA on typical treatment costs. Other factors such 
as the influence of site location and environmental impacts would need to be developed 
from local knowledge. 

The most important considerations in preparing a master plan are to 

• Provide general guidelines for future water treatment action. 

• Develop possible alternatives for further evaluation unless background data from 
existing experiences are so overwhelming that final decisions on treatment are 
obvious. 

• Enable a liberal use of contingencies in developing cost estimates, with the magnitude 
of contingencies reflecting the confidence in the cost base. It is important that the owner 
not be led into quick acceptance of a treatment program that eventually turns out to be 
too costly. If the available information is questionable, it is best to delay program dis- 
cussion until more meaningful background information is available. 

• Include, as much as possible, potential features limiting site locations and environmental 
impacts in the early determination to resolve which alternatives obviously should be 
eliminated and what difficulties may be encountered with other options. 

Principal Influences on the Master Plan 

The principal influences and controls on developing water treatment process options in a 
master plan include 
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1. Drinking water regulations, including those that are current, pending, and anticipated 

2. Treatment and residuals management options and limitations that produce quality con- 
sistent with regulations 

3. Choices available where more than one treatment method or treatment train may be 
equal in cost and other features 

Treatment method development should be evaluated in the above order. Rules and reg- 
ulations establish what must be accomplished in treated water quality, and often more 
than one method of treatment may accomplish the required result. 

The potential options and the limitations of each method are developed in the next 
step. Limitations may include factors such as cost, operating control, and size of facili- 
ties. Where several viable options are available, different treatment trains are evaluated, 
taking advantage of the multiple choices to determine the most advantageous option. Com- 
parisons here may include factors such as best fit on the site, appearance, ease of opera- 
tions and maintenance, and vulnerability to upset. 

On June 12, 2002, the federal Public Health Security and Bioterrorism Preparedness 
and Response Act was signed. In accordance with the terms of this act, all water treat- 
ment plant designs now have to be evaluated in regard to vulnerability to terrorist attack 
and resulting potential damage to facilities and upset in treatment process. Incorporating 
the results of these evaluations, existing emergency response plans must be revised ac- 
cordingly or new plans developed. Reducing facility vulnerability and improving emer- 
gency response capability must be considered in the future in both the development of 
master plans and the selection of a treatment process train. 

When alternative source waters are available, the potential sources (surface water and 
groundwater) and specific intake or well locations should be evaluated to determine the 
water quality characteristics of each source. The vulnerability of source water to future 
contamination or water quality deterioration should receive particular consideration. The 
variability of the source water quality should be investigated because extreme water qual- 
ity conditions often dictate treatment requirements. Once a new water supply is chosen, 
a protection program should be implemented (either watershed or groundwater protection) 
to maintain the integrity of the supply. 

Planning Periods for the Master Plan 

Major capital projects, such as large water treatment plants, generally require many years' 
lead time to develop meaningful design, construction, and financial arrangement plans. 
This, together with the expected long life of certain facilities, results in exceptionally long 
design periods for water systems. Master planning studies often develop the water sup- 
ply and treatment needs for 30 to 50 years or more into the future. 

Based on complexity, expendability, and cost, the various components of the water fil- 
tration plant are sized to meet the needs of varying periods of time. More difficult and 
expensive facilities, such as intake tunnels and major structures, are often designed for 
the life of the facility, which can be as great as 50 years or more. Other facilities, such 
as process treatment units, are often initially planned with a first-phase design of 10 to 
25 years, with a plan to allow for future increments of expansion to accommodate the full 
life of the project. 

Equipment such as pumps and chemical feed systems may have an expected life of 10 
to 15 years. Therefore they are designed for shorter-term capacities with allowances for 
replacement to meet future needs of the facility. 
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WATER QUALITY GOALS 

The Safe Drinking Water Act (SDWA) and its subsequent amendments provide the ba- 
sic rules for water quality produced by a treatment system, but the design engineer can- 
not work solely from federal requirements because they are only minimum standards. In- 
dividual states have the option of making the standards more stringent or of expanding 
the basic regulations to include other quality standards. It is, therefore, important to work 
closely with state officials when one is considering process options and design details. 

The USEPA is in a continuous process of modifying and expanding drinking water 
regulations under the SDWA and its amendments. This has become a complex process 
that has involved difficult scientific issues, as well as the political considerations that are 
inevitable to regulatory processes. A number of rule-making proceedings are involved in 
this process. Some of these have been completed, and others are in varying stages of de- 
velopment. These rules tend to fall into one of four categories: 

• F ina l ized rules that are in effect. The rules have become established regulations. 
Where relevant, state public water supply enforcement agencies must incorporate these 
rules into their own regulations and determine how the rules will be administered. 

• F ina l ized rules that are not yet  in effect. These rules have completed the promulga- 
tion process, and provisions are known with certainty. An effective date for these rules, 
however, has not been reached, and they have yet to formally become a component of 
the established SDWA regulations. At this stage of rule development, state primacy 
agencies may be developing procedures for incorporating the rules into their respective 
state regulations and are assessing options for administering the rules once the rules be- 
come effective. 

• P roposed  rules. These rules have reached an intermediate stage that reveals specific 
USEPA intent. However, the provisions are still at a proposed level that allows for com- 
ment from interested parties. The USEPA is required to formally respond to all com- 
ments and may make modifications before promulgation of the final rule, depending 
on the availability of additional information and the impact of comments. It is signifi- 
cant to note that most rules have been modified during the time between the proposed 
and final stage as a consequence of this process. 

• Rules under  development.  These rules have not been proposed, and USEPA intent is 
not fully developed. In some cases, draft rules may be developed; these have no for- 
mal status, and the USEPA has flexibility for changing the drafts without going through 
a formal response process to outside parties. 

Rules not yet established in the Primary Drinking Water Standards and not yet en- 
forceable may also be categorized as future regulations in progress. It is essential that the 
design engineer be aware, and stay abreast, of both the established rules and those in var- 
ious stages of development. 

Finalized Regulations 

Finalized rules in the Primary Drinking Water Standards presently in effect include the 
Surface Water Treatment Rule (SWTR); the Total Coliform Rule; the Information Col- 
lection Rule (ICR); the Stage 1 Disinfectants/Disinfection By-products Rule (Stage 1 
D/DBPR); the Interim Enhanced Surface Water Treatment Rule (IESWTR); the Filter 
Backwash Rule; the Phase I, II, and V Contaminant Rules; and the Lead and Copper Rule. 
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Rules that have been finalized provide two levels of standards to be regulated--primary 
and secondary standards. 

Primary Drinking Water Standards are health-related criteria that require mandatory 
enforcement by the federal USEPA or by state primacy agencies. Existing primary stan- 
dards, as established by rules currently in effect as of January 2003, are described in Table 
2.1. It is noted that the table does not address all established standards, but rather those 
affecting design of the principal physical elements of treatment discussed later in the text. 

Secondary Drinking Water Standards include criteria that are intended for control of 
aesthetic factors. Unlike primary standards, parameters developed as secondary standards 
are established as guidelines that are strongly recommended, but not required to be en- 
forced. Some of these may be enforced at the discretion of individual state primacy agen- 
cies. Table 2.2 summarizes existing secondary regulations. While parameters governed 
by secondary standards are not generally health-related, they can have a significant effect 
on customer acceptance and can be a source of considerable customer complaint. Among 
these are water color and tastes and odors in the drinking water. While the secondary stan- 
dards are presently observed in drinking water treatment more by customer needs than by 
regulatory control, future findings may result in a switch of some of these constituents to 
primary listing. 

Significant Future Drinking Water Regulations in Progress 

At press time, a number of new regulations were under development in various stages 
from proposed through final promulgation to anticipated effective dates (Table 2.3). The 
salient features of the more significant of these are as follows, with the anticipated ef- 
fective dates shown in parentheses: 

• Long-Term 1 Enhanced Surface Water Treatment Rule (LT1ESWTR-2004)--same re- 
quirements as Interim Enhanced Surface Water Treatment Rule extended to include 
systems serving under 10,000 people. 

• Radon Rule (2005)--a limit of 300 pCi/L radon content for systems with a groundwa- 
ter supply--higher limit may prevail with state multimedia mitigation programs. 

• Sulfate Rule (undecided)--still under USEPA consideration (may not be included in 
list of contaminants). 

• Stage 2 Disinfectants/Disinfection By-products Rule (Stage 2 D/DBPR-2005)-- 
compliance based on compliance running average at individual locations rather than 
average of all locations. 

• Long-Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR-2005) for all sur- 
face water systems or groundwater under the influence--at promulgations (2004) re- 
quires 2-year monitoring program of monthly samples for Cryptosporidium (systems 
over 10,000 people) or I-year, biweekly E. coli samples (under 10,000). If results trig- 
ger remediation, measures to attain up to 2.5-1og improvements may be selected from 
"tool boxes or bins" that may include additional treatment such as ozone or UV or even 
improved watershed protection programs, each measure having individual assigned log 
values. 

• Ground Water Rule (GWR-2005)--initially will require treatment technology based on 
evaluation of sanitary survey conducted by primacy agencies. Depending on suscepti- 
bility of individual sources, up to 4-log treatment inactivation of viruses may be 
required. 
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TABLE 2.1 Presently Enforceable USEPA Primary Drinking Water Standards 

Inorganics 

A list of some 20 chemical elemental or compound materials. Note that the traditional treatment 
would have little or no effect in the reduction of many of the materials in this list. 

Synthetic organic contaminants 

A list of over 30 materials, for the most part manufactured for use as herbicides and pesticides. Many 
of these would require more than the usual filtration treatment to achieve the required reduction. 

Volatile organics 

A group of over 20 materials, essentially solvents used in manufacturing and other activities for 
cleaning. 

Maximum contaminant level 
Contaminant (except as noted), mg/L 

Surface Water Treatment Rule (SWTR) 

Turbidity 
Not to exceed 5% of monthly samples 

Microbiological 
Total coliform bacteria 
Disinfectant residual/heterotrophic plate count 

0.5 ntu 

More than 5% of samples positive 
More than 5% sample with less than 
detectable residual and HPC 500/mL 

Radionuclides 
Radium 226 and 228 5 pCi/L 
Gross alpha radioactivity 15 pCi/L 
Beta and photon radioactivity 4 rem/yr* 

Interim Enhanced Surface Water Treatment Rule (IESWTR)--system population 10,000 or more 

Turbidity 
Not to exceed 5% of monthly samples 0.3 ntu 

Disinfectants-Disinfection By-products Rule 

Stage 1 : 
Disinfection by-products 

Bromate 
Chlorite 
Haloacetic acid (five) (HAA5) 
Total trihalomethanes (TTHM) 

Total organic carbon removal 
Source water TOC, mg/L 

0.010 
1.0 
0.060* 
0.080t 

> 2.0 to 4.0 
> 4.0 to 8.0 
> 8.0 

Alternatives to TOC reduction 
Typical example--reduction of TTHM and HAA5$ 

TTHM 0.0401 
HAA5 0.030 t 

Percent TOC removals for source water alkalinity, mg/L 
0 to 60 > 60 to 120 <120 
40.0 30.0 20.0 
45.0 35.0 25.0 
50.0 40.0 30.0 

Note: Values in mg/L unless otherwise noted. 
*The contribution of this category of radionuclides is to be computed. Tritium at 20,000 pCi/L and strontium 90 

at 8 pCi/L, respectively, are computed to give no more than 4 rem/yr. 
tFour quarterly samples; compliance based on running annual average of all sites. 
*One of the four alternatives permitted (see Federal Register for others). 



TABLE 2.2 USEPA Secondary Drinking Water Standards 

Contaminant Maximum contaminant level 

Aluminum 0.054).2 mg/L *t 
Chloride 250 mg/L 
Color 15 color units 
Copper 1 mg/L 
Corrosivity Neither corrosive nor scale-forming 
Fluoride 2.0 mg/L 
Foaming agents 0.5 mg/L 
Iron 0.3 mg/L 
Manganese 0.05 mg/L 
Odor Three threshold odor numbers 
pH 6.5-8.5 
Silver 0.1 mg/L 
Sulfate 250 mg/L 
Total dissolved solids 500 mg/L 
Zinc 5 mg/L 

*Selected level for aluminum depends on the discretion of the state pri- 
macy agency. 

*Under consideration as primary health issue. 

TABLE 2.3 Future USEPA Drinking Water Regulations in Progress 

Prospective maximum contaminant 
Contaminant level, mg/L (except as noted) 

Radon Rule 

Radon 300 pCi/L 

Stage 2 Disinfectants/Disinfection By-products Rule (Stage 2 D/DBPR) 

Total tfihalomethanes (TTHM) 0.080* 
Haloacetic acids (HAA5) 0.060* 

Long-term 1 Enhanced Surface Water Treatment Rule (LT1ESWTR)--  
systems under 10,000 population 

Cryptosporidium 
Giardia Same as IESWTR 
Viruses 

Long-term 2 of Enhanced Surface Water Treatment Rule (LT2ESWTR) 

Cryptosporidium Treatment technique (removal 
or inactivation beyond conventional 
treatment) 

Ground Water Rule 

Viruses Treatment technology 
(4.0 log inactivation) 

*Four quarterly samples at four system locations including two high-TTHM sites, one high-HAA5 site, and one 
other system site; compliance based on running annual average of all sites. 

2.7 
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It is apparent that the EPA is now employing treatment technology and other mitigating 
measures in addition to maximum contaminant levels (MCLs) for several of these new 
rules. 

Maximum contaminant level goals (MCLGs) have been established for some time for 
most of, if not all, the proposed new standards. In moving toward establishment means 
that the federal USEPA believes that the technology is available for treatment at a rea- 
sonable cost to the consumer. 

The trends in new contaminant additions to the rules, tightening of existing stan- 
dards, and expansion of regulatory application should continue as new health issue and 
treatment research indicates the need and potential resolutions. To make the problem 
of producing acceptable quality water even more complicated, the treatment plant de- 
signer now also has to contend with the possibility of unusual biological and toxic con- 
taminants introduced into the water supply by terrorist activity. It is apparent that treat- 
ment facilities now must not only accommodate changes in regulatory requirements, but 
also continue to handle changes in influent raw water quality. As the rules become more 
stringent, it will become more difficult to handle rapid changes in quality due to nat- 
ural causes such as intense rainfall and runoff. It will be even more difficult to handle 
"introduced" contaminants because of the unknown factor. Once it is introduced and 
contaminants are discovered, temporary shutdown of treatment facilities may be nec- 
essary. The tightening rules and the potential for unexpected contamination make wa- 
ter quality monitoring facilities even more essential features of water treatment plan- 
ning design and operation. 

It is emphasized that the primary purpose of this brief discussion of the new proposed 
rules is to illustrate the challenge presented to the design engineer in defining treatment 
goals. The established and proposed water quality rules and standards shown in the tables 
should serve only as a guide to the water treatment planner or designer. It is also essen- 
tial that the details of water quality requirements be obtained from the appropriate state, 
provincial, or other agency. 

Regulatory Trends~Treatment Obsolescence 

In general terms, the goal of the SDWA is to produce the most contaminant-free drink- 
ing water that technology permits, limited only by the magnitude of treatment costs. As 
technology has improved, particular MCLs have become more stringent. Since 1970, for 
instance, turbidity limits have been reduced from 5.0 to 1.0 to 0.5 ntu and, under the In- 
terim Enhanced Surface Water Treatment Rule, to 0.3 ntu. Some states may require even 
lower limits. The first-stage TTHM (total trihalomethane) and HAA5 (five haloacetile 
acids) limits recently became effective for average distribution system conditions. In the 
near future these limits will be required for worst-case locations in the distribution sys- 
tem. New regulatory requirements are continuously being added to the rules such as the 
reduction of organic content in treatment and the reduction of arsenic content. 

As the regulatory requirements become more stringent, currently accepted treatment 
processes can and will become obsolete. If, for instance, turbidity levels in surface water 
treatment are reduced to 0.20 ntu, there are several types of filtration that may not be ad- 
equate operating in currently acceptable design modes. Such facilities may have to be re- 
placed or, modified in operation, or supplementary filtration may have to be added. Some 
current filtration processes do not reduce organic content at all or reduce organics to a 
limited extent. These also may have to be replaced, modified, or supplemented in treat- 
ment. Potential treatment obsolescence must be recognized in treatment selection to avoid 
costly future changes. 
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As illustrated in Table 2.4, a summary of more common drinking water treatment pro- 
cesses, there are many treatment options available to the designer to achieve the desired 
water quality results. 

Principal Process Alternatives and Issues 

Where pertinent, detailed unit process tests and comparisons should be conducted under 
the guidelines of the companion volume to this text, Water Quality and Treatment, to de- 
termine the more effective options. Bench and pilot-scale treatment operations would also 
be conducted in the water quality and treatment phase to determine the more critical pro- 
cess design and operating parameters. 

Under the current regulations, some form of filtration must be provided for effective 
particulate solids removal. In general, filtration would be required for all source water 
supplies except perhaps for some groundwater sources. The particular type of filtration 
required would depend upon the particulate solids loading contributed by that in the source 
water in addition to that which may be generated in treatment such as in precipitation (i.e., 
cold lime softening, manganese dioxide) and coagulation. Filtration types and solids load- 
ing capabilities may be categorized in general terms as follows: 

• Direct, slow sand, and diatomaceous earth filtration may be feasible for waters low in 
turbidity (5 ntu or less) and organic matter. Potential supply sources must also be sta- 
ble, of high quality, and not subject to significant algal blooms or other major water 
quality changes. 

• Conventional clarification and rapid sand filter plants would be needed for source wa- 
ters higher in turbidity and organic matter content, and those where higher coagulant 
dosages may be required. 

• The limitations of membrane filtration are more difficult to define. Closed-vessel ap- 
plications would more likely be limited to source waters of higher quality. Immersed 
membranes can handle higher solids loading including that generated in precipitation 
and coagulation to improve solids removal. 

In considering conventional clarification/filtration, the type of clarification selected 
would also be influenced by the type of source water solids. Where suspended and/or dis- 
solved organic matter predominates, high-rate clarifiers including dissolved air flotation 
could be the more effective and more economic application. Where seasonal algal blooms 
occur, dissolved-air flotation may be the preferred alternative. Plain settling with greater 
detention would be desired where more profuse, denser solids predominate, such as in 
many river sources. 

With few exceptions, most U.S. public surface water supplies are currently provided 
treatment the preponderance of which is some form of filtration. For this reason, a major 
water treatment plant design effort now and in the future will be devoted to retrofit rather 
than new design. New designs for the most part will be for new area development, ma- 
jor capacity expansion, or changing rules, such as for groundwater. 

Another feature of water treatment plant process selection and design that must be ob- 
served is potential regulatory conflict. Scrutiny of Tables 2A and 2.3 will show that there 
are two groups of rules that currently apply or soon will apply to all public drinking wa- 
ter treatment. These are the control of microbiological contaminants and the formation of 
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TABLE 2.4 Most Common Drinking Water Treatment Processes 

Water quality parameter Process components 

Turbidity-particulate reduction 

Bacteria, viruses, cyst removal 

Color 

Taste and color control 

Volatile organic reduction 

Disinfection by-product control 

Filtration 
• Rapid sand---conventional 

Coagulation 
Flocculation 

• Clarification 
Plain settling 
Plate settlers 
Solids contact 
Dissolved air flotation 
Filtration 

• Rapid sand--direct mode 
Coagulationlflocculation 
Filtration 
Slow sand filtration 

• Diatomaceous earth filtration 
• Membrane filtration 

Ultrafiltration 
Nanofiltration 
Reverse osmosis 

Partial reduction--filtration (above) 
Inactivation---disinfection 
• Chlorine 
• Chloramine 
• Chlorine dioxide 
• Ozone 
• U V  

Coagulation/rapid sand filtration 
Adsorption 
• Granular activated carbon (GAC) media 
• Powdered activated carbon (PAC) addition 
• Synthetic resins (ion exchange) 
Oxidation 
• Ozone 
• Chlorine 
• Potassium permanganate 
• Chlorine dioxide 
Nanofiltration 

Oxidation 
• Ozone 
• Chlorine 
• Chlorine dioxide 
• Potassium permanganate 
BAC adsorption 

Air stripping 
• GAC adsorption 
• Combination of the above 

Precursor reduction 
• Enhanced coagulation 
• GAC adsorption 
• Biologically activated carbon (BAC) media--  

preozonation 
• Nanofiltration 
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Water quality parameter Process components 

Iron, manganese reduction/sequestering 

Hardness reduction 

Inorganic, organic chemical reduction 

Corrosion control 

By-product removal 
* GAC adsorption 
o Air stripping (partial) 

Filtration of precipitators formed by preoxidation 
• Sand and/or anthracite media 
• Green sand media 
• Proprietary media 
Polyphosphate sequestering agent 

Lime softening 
• Ion exchange 
• Nanofiltration 

Ion exchange 
Biologically activated carbon media 
Adsorption 
Reverse osmosis 

Posttreatment 
• pH adjustment 
• Inhibitors 

disinfection by-products. New D/DBP Rules require defined reduction in water TOC con- 
tent which may require enhanced or increased coagulation. It is possible that the increased 
solids generated could overload certain filters or filter types. While perfectly capable of 
producing low-turbidity water in conformance with the microbiological rules, solids over- 
loading may cause turbidity upset, especially in single-pass direct filtration, slow sand and 
diatomaceous earth (DE) filtration, and ultrafiltration. Specific situations will vary. The 
D/DBP Rule does permit alternative options to TOC reduction (Table 2.1). One option is 
to maintain system running TTHM and HAA5 averages at half the Stage 1 D/DBPR re- 
quirements. In addition to TOC reduction, another feature that will influence the magni- 
tude of TTHM and HAA5 formation is the time of travel or the residence time in the dis- 
tribution system. There are many systems with low retention where the TTHM and HAA5 
levels tend to be low, but where TOC levels require removal. This would be especially 
so in small to moderate-sized systems or in systems with an effective transmission net- 
work feeding the smaller distribution mains. In these situations, where no reduction (or a 
small reduction) in the TTHM and HAA5 levels may be required to meet the alternative 
standard, it might be more advantageous to concentrate treatment modifications on TTHM 
and HAA5 reduction than on TOC removal. This approach might result in reduced re- 
sidual solids generation. In direct filtration and slow sand filtration plants, adding granu- 
lated activated carbon (GAC) media and/or adding oxidants to increase TOC removals in 
biologically activated media may be enough to meet the D/DBPR alternative to TOC 
removal. 

If simple process supplementation does not achieve the new rule requirements, treat- 
ment addition should be considered. A possible addition to existing filtration processes to 
improve effluent quality would be nanofiltration. First stage filtration would improve the 
efficiency of nanofiltration, and the residual stream could be routed back to the initial fil- 
ter (if appropriate) for recovery. 

The purpose of the above discussion is simply to emphasize the need for the engineer 
to evaluate the effect of each treatment change or addition in process. It is also essential 
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that options permitted in the regulations be explored to achieve both effective and eco- 
nomic water treatment plant designs. 

Treatment Train Alternatives 

In developing a water treatment train, the multiple treatment capabilities of the different 
methods and materials should all be considered to both simplify and reduce the cost of 
facility construction and operation. A treatment train should not be considered simply as 
a sequence of process steps. In essence, a treatment train encompasses a combination of 
processes that, when integrated, achieve the desired water quality changes and improve- 
meats. 

Multiple capabilities of the different options in Table 2.4, Most Common Drinking 
Water Treatment Processes, are grouped in Table 2.5. Comparison demonstrates why rapid 
sand filtration with coagulation is the most common type of water treatment in use. This 
type of filter plant reduces the content of particulate matter, pathogens, disinfection by- 
product precursors, and color. If a filter is fitted with a GAC medium, the feature of taste 
and odor control is added, and color and precursor reduction are enhanced. With the ad- 
dition of preozonation, the effective life of the GAC medium is increased because or- 
ganics are removed more through biological action. In addition, preozonation, or appli- 
cation of another oxidant, will condition dissolved iron and manganese for removal in the 
filter media. 

Options and supplementary features that may be considered in developing baseline 
rapid sand filtration trains are illustrated in Figure 2.1. Basic treatment facilities are shown 
in solid boxes with options shown dashed. 

Figure 2.1 illustrates the flexibility and broad treatment capabilities of the several op- 
tions that may be adapted for many treatment requirements. For instance, different coag- 
ulants may be considered that can be afforded high- to low-energy flocculation to pro- 
duce a floc size and density best suited to the particular settling device or filter medium. 
Flocculation will also agglomerate some dissolved as well as suspended organic matter. 
Small, light, and floatable solids may best be removed by dissolved air flotation rather 

TABLE 2.5 Common Multipurpose Treatment Measures 

Treatment measure Quality improvement 

Filtration (all) 

Coagulation, rapid sand 
filtration (additional) 

Oxidation 

GAC media 

Particulate reduction 
Bacteria, virus, cyst reduction 
Precursors and by-product reduction 
Color removal 
Pathogen inactivation 
Partial organics reductions 
Non- to biodegradable organics 
Color removal 
Taste and odor control 
Iron and manganese reduction* 
Rapid sand filter particulate removal 
Color removal 
Precursor and by-product reduction 
Additional reduction with preoxidation 
Taste and odor control 

*With filtration. 
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than by settling. Using GAC media preceded by ozonation provides the capability of ad- 
ditional organics reduction by biologically activating the media. Ozonation may also re- 
duce or convert many organics to enhance disinfection by-product reduction and to re- 
duce chlorine demand. The multiple advantages of the options shown in these figures will 
be discussed in greater detail later in this text. 

Supplemental and additional treatment options that may be considered for normally 
single-pass filters are discussed below. Posttreatment and its options are the same as those 
shown in Figure 2.1. 

Slow Sand Filter. Principal solids removal occurs in the top surface layer schmutzdecke, 
which is also biologically activated. Typical TOC reduction can range from 10% to greater 
than 20%. An intermediate GAC sandwich layer may be installed in the deep sand me- 
dia to create an additional host layer. With preoxidation, using ozone, chlorine dioxide, 
or potassium permanganate, biological removal of organics will be enhanced in both the 
top and the sandwich layer. 

Diatomaceous Earth Filters. This filter has superior cyst removal capabilities. How- 
ever, there is no way to promote organics removal in this filter alone; a biologically ac- 
tivated GAC column would have to be added at considerable cost. Use of this filter might, 
therefore, be limited to waters of low organic content and low turbidity such as in many 
well supplies. 

Membrane Filtration. Application of this type of filtration is developing. Little stan- 
dardization has been established. Except for grading the pore size of membrane material 
from the finest for reverse osmosis to the coarsest for ultrafiltration and microfiltration, 
details are proprietary. Each manufacturer has individual arrangement details. For the most 
part, the most flexible use is with immersed-type ultrafiltration where coagulants may 
more readily be added to improve solids and organics removal. Preoxidation may also be 
employed to further enhance organics removal as well as promote the removal of iron and 
manganese. Note that the finer membrane types such as nanofiltration and reverse osmo- 
sis will directly remove these constituents, but at greater cost and with greater loss in the 
waste stream. 

Additional-Stage Filtration. Mentioned before, existing filtration installations may not 
be able to meet the new requirements. In some instances it may be more practical than 
replacement to provide an additional stage of filtration to meet lower-turbidity standards. 
For instance, membrane filters could be added at the end of the train to further reduce tur- 
bidity and to remove other contaminants. With prior solids removal, membrane treatment 
becomes more efficient and waste of water may be eliminated by recycling to the origi- 
nal plant inlet. Closed-vessel membranes, however, may not be placed downstream of DE 
filters. The very fine siliceous DE particles in the effluent could damage and clog the 
membranes. For low-capacity DE filter units, it may be possible to add cartridge filters 
to further reduce turbidity. Membrane filtration can readily accommodate the effluent from 
all other granular media filters including the slow sand type. 

While not exactly second-stage placement, immersed-type membrane units may be in- 
stalled in existing rectangular settling basins of conventional filter plants while other pre- 
treatment and posttreatment facilities may be kept in service. 

Less Common Treatment 

As mentioned, the above review of optional treatment trains included those more com- 
mon or those more universal. Many systems must address the reduction or removal of 
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less common or special contaminants such as those that may be found in the USEPA list- 
ing of inorganic, synthetic, and volatile organic contaminants. Where these exist, special 
treatment accommodation may be required. It is possible, however, that existing treatment 
for more common contaminants may be effective in reducing the amount of special con- 
taminant or at the least provide necessary pretreatment. In very general terms, treatment 
methods that may be considered for contaminants in the three categories mentioned above 
are as follows: 

• lnorganics.  Oxidation or chemical reaction to produce innocuous compounds or pre- 
cipitates and/or ion-exchange following filtration. 

• Synthet ic  organics. Herbicides and pesticides, most of which may be removed in GAC 
columns. Some contaminants may be preconditioned by strong oxidants. 

• Volati le organics.  Removed by air stripping and/or in GAC columns. 

There are a number of special or infrequently found contaminants that have not been 
discussed. Wherever special or less common contaminants may exist in source waters, it 
is always essential that detailed investigations, possibly including pilot studies, be con- 
ducted before treatment facilities are designed. 

Treatment Comparisons and Evaluations 

While the treatment rules become more demanding, the list of available "tools of the trade" 
is also expanding. It is up to the designer to take advantage of the many treatment re- 
sources discussed later in this text that are best adapted to the particular plant application. 

The principal intent of these discussions is to emphasize that many treatment options 
and combinations of options are available to the designer and that all viable options must 
be investigated to achieve that treatment or combination of treatments best suited for the 
particular application. It is also essential that issues other than treatment capability be in- 
vestigated for each option and each treatment train. These other issues may include the 
following (not necessarily in order of importance): 

• Construction cost 

• Annual operation costs 

• Site area required 

• Complexity of operation (required capability of operating staff and laboratory moni- 
toring) 

• Operation risk (most common causes, if any, of treatment failure) 

• Flexibility of plant arrangement for future changes 

• Waste disposal options 

Consideration of viable options would also be critical to provide a flexible facility 
arrangement in which additions and modifications may be made for future treatment re- 
quirements. Drinking water treatment design is not static; it is a dynamic, ever-changing 
process. 



CHAPTER 3 

DESIGN AND 
CONSTRUCTION 

R. Gary Fuller 
HDR Engineering, Inc. 

Denver, Colorado 

This chapter provides general guidelines for managing the design and construction phases 
of a water treatment project. These projects involve addition of either entirely new facil- 
ities or the upgrade/expansion of existing facilities. The principal design and construction 
phases for both types of projects can typically be separated into preliminary design, final 
design, construction assistance, and facilities start-up. Traditionally, these phases of de- 
sign and construction have been conducted sequentially, with a single entity conducting 
all phases. Growing interest in "design-build" projects has placed an emphasis on initiat- 
ing construction prior to final design, accelerating the project schedule by combining the 
design and construction teams into one entity. Regardless of which approach is used, many 
of the design and construction issues remain the same. 

PRELIMINARY DESIGN 

Completion of the master planning and process selection phases establish the design con- 
cepts for the water treatment improvement project, forming the basis for preliminary de- 
sign. The preliminary design phase must address a variety of design issues, concluding 
with concise recommendations for the principal components of the water treatment plant 
facilities. During preliminary design, the primary treatment processes and waste handling 
systems design parameters will be established to allow the design team to initiate devel- 
opment of the design concepts for all the other disciplines. Close coordination with the 
design team members, owner, and regulatory agencies is essential during this phase of the 
project. 

Regulatory Agency Coordination 

Regulatory agencies having approval authority over construction of a water treatment plant 
project may include local building departments, zoning commissions, and environmental 

3.1 
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commissions. In addition, there will be state and federal authorities having jurisdiction 
over water supply public health and environmental issues. Close coordination and com- 
munication with these agencies during the preliminary design phase is essential, as the 
plant design will eventually be reviewed and approved by these agencies. 

Most regulatory agencies have design standards or guidelines that should be reviewed 
to identify any potential impacts to the project. As part of this review, agency permits re- 
quired for the project should be identified. Permits may be required for a number of plant 
design issues that could affect project implementation, such as site approval, stormwater 
management, plant discharges to receiving streams, construction in waterways, environ- 
mental impacts, and water rights. 

Although it may not be required, it is often beneficial to submit copies of preliminary 
engineering documents to regulatory agencies for review and comment, to avoid major 
changes during final design. 

Plant Siting Analysis 

Selection of potential sites for a new water treatment plant must take into consideration 
a number of factors. Some of the principal ones are 

• Proximity of plant site to the source water and to customers being served 

• Consideration of water transmission requirements to interconnect the plant to the source 
water and the water distribution system 

• Proximity of plant site to ultimate treatment waste disposal location 

• Environmental and land use concerns 

• Subsurface and geotechnical considerations 

• Land availability, cost, and zoning 

• Storage requirements at plant site for raw water supply 

• Compatibility with surrounding existing and planned developments 

• Potential for flooding and stormwater handling requirements 

• Availability of utilities (power, natural gas, sewer, telephone) 

• Site topography and accessibility 

• Vulnerability to security risks and natural disasters 

Source water supply, treatment, and finished water transmission facilities must func- 
tion as a complete system to provide a safe, reliable source of drinking water to the wa- 
ter distribution system. The water treatment improvements design must take all three types 
of facilities into consideration to ensure a proper transition between systems. 

Upgrading or Expansion of Existing Facilities 

Many water treatment plant design projects involve modifying existing facilities to pro- 
vide increased capacity, to improve treatment performance, or to modernize and renovate 
equipment and structures. These projects require special considerations and investigations 
that are not required when one is designing a new plant on a new site. 

Investigations made during preliminary design for these types of projects must answer 
questions such as the following: 
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• To what extent must the existing facilities be brought up to current design standards 
and building codes as part of the project? 

• How can the original design, as-built facilities, and current condition be defined, and 
remaining useful life of existing facilities and structures be determined? 

• How can the existing treatment facilities be kept in reliable service during the con- 
struction of plant modifications and be integrated with the new facilities? 

• What safety or environmental hazards (such as lead paint, asbestos insulation, and un- 
derground petroleum spills) may be uncovered during the construction of the modifi- 
cations? 

• What provisions have been previously made in the plant to expand or upgrade the ex- 
isting facilities? 

• Are there any existing plant site or hydraulic constraints that must be taken into con- 
sideration with the facilities improvements? 

Design decisions on these issues often require reasonable compromises that must 
be worked out among the design team, the owner, and regulatory agencies. The cost- 
effectiveness of modifying each existing plant component versus constructing a new 
component should be considered. 

Custom-Built Equipment versus Preengineered versus Package 

When the treatment plant under design has a capacity of less than about 10 million gal- 
lons per day (mgd), it is often possible to choose between custom-designed, preengineered, 
or "package" treatment units. In custom-designed units, major processes usually utilize 
reinforced concrete construction. The design engineer is responsible for all dimensions of 
the unit and the complete process electrical, mechanical, and structural design. Equipment 
suppliers provide and are responsible for design and performance of specific equipment 
such as weirs, gates, sludge collectors, and other equipment located in the process unit. 

Preengineered units are generally made using steel or fiber-reinforced plastic tanks. 
An equipment supplier takes responsibility for the full process, structural, electrical, and 
mechanical design of the unit. The design engineer generally is responsible only for the 
foundation design and items such as influent water quality, hydraulic, and mechanical 
connections, electrical and instrumentation connections, and, if required, buildings or en- 
closures to house the process unit. Preengineered units are strictly field-assembled. 

Package units are partially or completely factory-assembled and installed on the site. 
The package units are often skid-mounted, with the process components prepiped and 
prewired, requiring minimal fieldwork to install. The package units are often restricted to 
1 to 2 mgd in capacity, as the size of the unit is constrained by shipping limitations. 

Custom-designed process units tend to have higher construction costs but lower main- 
tenance needs and longer useful lives. The best decision for a specific project can be made 
only after a careful analysis of the costs and benefits of each feasible alternative. In gen- 
eral, as the plant capacity becomes smaller, preengineered and package units become more 
cost-effective and require less time to construct. 

Design Development 

As part of the preliminary design phase, several key design parameters must be 
developed: 
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• Plant flow schematics indicating all treatment units and equipment for both the primary 
treatment processes and waste handling systems 

• Conceptual plant layouts showing the arrangement of treatment process units and other 
related facilities with respect to site topography 

• Plant hydraulic profile establishing operating water elevations through the plant at nor- 
mal and peak flow rates, for both the primary treatment process and waste handling 
system 

• Design criteria establishing treatment unit sizes and specific design factors for mini- 
mum, average, and maximum flow conditions of the major treatment processes and 
waste handling systems 

• Requirements for ancillary facilities including space needs for plant administration, lab- 
oratory, maintenance, chemical handling and storage, low and high service pumping, 
and water storage 

• Plant control concepts including plant control logic, control system architecture, and 
communications with off-site facilities 

• Treatment waste handling and ultimate disposal scheme, including off-site waste trans- 
port requirements 

• Architectural and structural concepts for the plant buildings and structures, including 
weather protection provisions for the treatment facilities 

• Provisions for future expansions of the plant facilities, allowing for addition of equip- 
ment and treatment process units, with plant infrastructure oversized where appropri- 
ate 

• Security measures required to provide the necessary protection of the plant facilities 
and ensure plant reliability 

Financial Feasibility Evaluation 

Financing for a water treatment plant project should be finalized during, or immediately 
after, the preliminary design phase, when sufficient information is available to establish 
a valid project budget. Preliminary estimated costs for plant facilities should be devel- 
oped, including the implementation schedule, approximate cash flow, and operations and 
maintenance costs, that establish projected annual costs for the new facility. Potential 
sources of revenue for financing the project must then be investigated to establish a vi- 
able program to fund the planned facility. AWWA Manual M29, Water Utility Capital 
Financing, provides a comprehensive overview of traditional and innovative financing 
sources that should be evaluated by water utility management in determining short- and 
long-term strategies for meeting capital requirements. 

Ongoing Coordination and Cost Evaluations 

During the preliminary design phase, design development should be coordinated with all 
support disciplines to obtain input on the overall design. This coordination is necessary 
to make sure that preliminary engineering does not overlook any design issues that could 
affect critical design decisions. Although the process and civil disciplines are normally 
the primary focus of the preliminary engineering phase, the architectural, structural, me- 
chanical, electrical, and instrumentation support disciplines should be included in these 
discussions. 
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Regular meetings should be held with the owner during preliminary design to discuss 
design issues and update the client on the process of design. Design disciplines pertain- 
ing to design issues being discussed should be involved in client meetings whenever pos- 
sible. Involving the regulatory agencies that will need to approve the project may also be 
beneficial to the design effort. Quality control reviews should be conducted of the pre- 
liminary design by a team of design professionals independent from the design team. 

Value engineering is often conducted before the beginning of the final design to eval- 
uate the cost-effectiveness and constrnctability of the preliminary design. At this stage of 
design, value engineering focuses primarily on major design elements, such as number 
and size of treatment units, plant layout, design parameters, and support facilities. The 
value engineering comments should be reviewed with the owner and design team to de- 
termine which ideas will be incorporated into the design. 

During preliminary design, a preliminary cost estimate for the water treatment plant 
project should be prepared to ensure that project cost is within the owner's budget estab- 
lished during earlier feasibility studies. Cost estimates are important for (1) making deci- 
sions between viable plant alternatives, (2) finalizing the treatment process train, and (3) 
planning the project's budgeting and financing. The cost estimate should provide a break- 
down of costs for each major component of the project. A construction contingency of 
15% to 25% is usually included in the cost estimate at this stage of design to provide for 
unforeseen costs not identified in a preliminary estimate. 

FINAL DESIGN 

The final design phase is initiated after completion of preliminary engineering and docu- 
mentation of design decisions, obtaining approval of review agencies, and securing proj- 
ect financing. The design criteria and schematics developed in preliminary design will be 
used to guide the development of detailed drawings and specifications, modifying the pre- 
liminary design only as needed to accommodate the other design disciplines. 

Production of Design Documents 

Final design involves preparing detailed drawings and specifications within the project 
framework established during preliminary design. Contract documents must also be pre- 
pared that establish the bidding and contractual requirements for the construction of the 
plant facilities. 

Drawings and Specifications. The final design drawings and specifications preparation 
must take into consideration a number of constraints and requirements not identified in 
the preliminary engineering phase. Treatment process design should be completed in 
greater detail before the support disciplines undertake final design. Critical design ele- 
ments that should be completed early in final design include 

• Selecting process equipment to be installed, including equipment sizes, weights, utili- 
ties required to support the equipment, equipment control requirements, access re- 
quirements for maintenance, and provisions for variations in the requirements of equip- 
ment from different manufacturers 

• Delineation of ancillary facilities required, including piping, valves, chemical systems, 
controls, pumps, and other equipment 
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• Finalization of major plant piping and structures, including pipe size and routing, treat- 
ment structure sizes and elevations, and support facilities size and functions 

• Development of process and instrumentation diagrams (P&IDs) for all treatment sys- 
tems, including process units, piping, valving, instruments, and their interrelationships 

Project Coordination. It is important to maintain close communications with the client 
and regulatory agencies through all phases of design. Regular meetings should be held 
with clients to solicit their input and apprise them of project status. Members of the proj- 
ect operations staff should be involved in the meetings, when possible, to provide input 
on design decisions and to become familiar with the new plant facilities. During design, 
all disciplines should be kept informed of design decisions by any discipline that could 
affect the design. Regular design team meetings should be conducted to exchange infor- 
mation and coordinate conflicts between disciplines. 

Schedules of project work tasks and project milestones should be prepared for all stages 
of design, with the schedule updated as changes are necessary. Reviews of the schedule 
should be conducted periodically to confirm that work tasks and milestones are on sched- 
ule. As part of schedule development, project budgets can be prepared based on the iden- 
tified work tasks and schedule. Input from each design discipline should be obtained dur- 
ing budgeting to establish the needed work tasks, schedule, and budgets for each design 
phase. Previous project budgetary information can be a particularly valuable source of in- 
formation for developing budgets for a new project. AWWA Manual M47, Construction 
Contract Administration, provides information on the requirements for maintaining com- 
munications between all parties involved in the construction project. 

Design Standards. It is critical that the plant facilities' design conform to both legally 
required and generally accepted design standards, including 

• Treatment design criteria published by state and federal agencies 

• Design codes, such as building, electrical, fire, and plumbing codes 

• Applicable laws and ordinances, such as Occupational Safety and Health Administra- 
tion (OSHA) safety standards and Americans with Disabilities Act (ADA) requirements 

• Design standards developed by local agencies and by the owner 

If the proposed design requires any deviations from legally required criteria, the changes 
must be discussed with the approving agencies and written variances or exemptions ob- 
tained. Any deviance from generally accepted practice should receive careful considera- 
tion and should be reviewed with the owner. 

Coordination of Design Disciplines 

Once final design is under way, it is essential that all design support disciplines be closely 
coordinated to avoid design conflicts and to make sure design information from all dis- 
ciplines is received in a timely manner. 

Civil Process Design. In developing the plant layout for construction of new facilities 
or modification of existing facilities, a number of design considerations should be 
addressed: 

• Matching the plant facilities to the site topography to take advantage of physical fea- 
tures and grade changes across the site 
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• Providing plant access to facilitate chemical delivery and waste hauling, to allow plant 
operations and maintenance staff routine traffic, and to permit visitors to the plant 
facilities 

• Siting of new facilities to avoid construction conflicts, allowing continual operation of 
existing facilities and providing easy access for plant operation 

• Interfacing requirements with existing facilities, including treatment units, piping, build- 
ings, controls, power supply, and chemical feed systems 

• Providing ample site space for future additions or expansion to the plant facilities, in- 
cluding provisions for future tie-ins and vehicle/operator access 

Plant hydraulic design should be conducted early in the project, with the hydraulic pro- 
file developed to establish structure elevations and the interrelationship between facilities. 
Plant facilities should be arranged on the site to take advantage of available physical re- 
lief across the site with respect to plant hydraulics, locating treatment structures to mini- 
mize earthwork where practical. Siting of plant facilities should also take into considera- 
tion a number of other site factors, including 

• Topography elevation changes across the site 

• Plant site buffer and security requirements 

• Physical features, barriers, or constraints within the site 

• Floodplain limits and flood protection requirements 

• Drainage and stormwater detention provisions 

• Piping and conduits between structures 

• Vehicle access and parking for plant personnel, public, and deliveries 

• Natural gas, power, sewer, and telephone utility routing 

• Plant aesthetics and public acceptability 

• Archaeological, historical, or cultural resource protection 

The final process design should also address a number of factors that affect other design 
disciplines, including 

• Final dimensions of treatment structures and buildings 

• Utility requirements for process equipment 

• Process equipment locations, dimensions, and operations requirements 

Site Surveying. Topographic and property surveys should be made for the water treat- 
ment plant site to provide the baseline conditions for developing the plant location design 
and for obtaining many of the required permits. A permanent site benchmark should be 
established at the plant site a location that will not be disturbed by future construction. A 
legal description of the property is also needed, indicating all easements and rights-of- 
way at the site. 

A site plan is then prepared indicating property limits, site contours, physical features, 
buried utilities and pipelines, structures and buildings, roadways, easements and rights- 
of-way, and other features. 

Geotechuical Investigation. The geologic conditions at the water treatment plant site 
should be established by a geotechnical investigation. Any existing subsurface informa- 
tion available should be collected first and reviewed to identify potential problems. The 
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location of soil and rock strata should then be established by test borings and excavation 
of test pits. This information is vital to establish the bearing capacity of soils, to estab- 
lish rock elevations, and to determine groundwater levels. Location of soil borings or test 
pits should be indicated on the site topographic plan, with the site survey coordinated to 
accurately locate the geotechnical investigations. Seismic conditions at the site may also 
have to be investigated to determine any special design considerations that need to be ad- 
dressed. In addition, it may be necessary to conduct hazardous materials investigations to 
identify any potential site contamination or subsurface concerns. 

Architectural Design. Development of the architectural design for water treatment plant 
facilities must be closely coordinated with the process design as the treatment building 
requirements are normally based on the process requirements. Architectural concepts 
should be compatible with plant surroundings, with particular emphasis on minimizing 
building maintenance. Architectural design is also based on input from the other design 
disciplines, including 

• Treatment unit and support facilities enclosure requirements 

• Equipment and piping/conduit space requirements 

• Operator access requirements and maintenance provisions 

• Public access requirements to plant facilities 

Where practical, architectural concepts used for plant additions or modifications should 
be compatible with existing plant buildings. Provisions for laboratory, office, maintenance 
shop, locker rooms, restrooms, storage, lunch rooms, meeting rooms, and control rooms 
are usually included in the plant design. 

Structural Design. Structural design is normally most affected by the civil, process, and 
architectural design decisions. The size and location of the treatment structures are par- 
ticularly critical to structural design. If unusual or difficult geotechnical conditions are en- 
countered, it may be necessary to change structure concepts to adapt to the subsoil con- 
straints. As a result, early coordination with the geotechnical investigations is necessary 
to identify any unusual conditions. Water containment structures will require special pro- 
visions to minimize water leakage and allow for variation of water level within the 
structure. 

Mechanical Design. Mechanical design establishes heating, ventilating, and air condi- 
tioning (HVAC) requirements for buildings and enclosed structures. Chemical handling, 
storage, and laboratory areas normally require special attention because of their unique 
HVAC requirements. Mechanical and architectural designs must be coordinated closely 
to ensure that sufficient building space is allocated for the plumbing and HVAC equip- 
ment and ductwork. Fire protection systems may also be required for some plant areas, 
particularly the chemical handling and storage areas, and will need to be coordinated with 
the local fire department. 

Electrical Design. Electrical design should address a number of issues related to other 
design disciplines, including 

• Power supply needs for all plant equipment and ancillary facilities 

• Standby power requirements for treatment and support systems 

• Energy conservation measures for plant operation 

• Interior and exterior lighting requirements for operation and security 
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Adequate building space must be provided for electrical switchgear and motor control 
centers, with major electrical equipment often isolated to protect and adequately cool the 
equipment. The electrical equipment location must protect the system from corrosive and 
dust-prone areas of the plant. 

Instrumentation Design. Instrumentation design is closely interrelated with process de- 
sign to provide necessary control and monitoring of treatment processes. Automation of 
plant control should be considered, where practical, which requires particularly close co- 
ordination with process designers. A central control room is normally provided for most 
treatment plants, with plant operations monitored and controlled from that location. The 
capability to access plant control and monitoring information from critical operation 
locations within the plant should be provided, particularly for plants with multiple 
buildings. 

Design Reviews and Final Documents 

It is extremely important that the design team continually keep in mind various reviews 
that must be periodically made of final documents as they are developed and completed. 
The review comments should be documented, with the action taken to address the com- 
ments noted. 

Owner Reviews. Throughout final design, the owner should be involved in key design 
decisions. Periodic meetings to discuss plans and specifications should be conducted to 
ensure that design meets the owner's needs. Plans and specifications should be submitted 
to the owner for review as project design proceeds, including intermediate and final doc- 
uments. The owner's comments should be discussed with design disciplines and incor- 
porated into the documents. Participation of the owner's operations and engineering staff 
is extremely important, because they will be the ultimate users of the facility. 

Quality Control Reviews. The final design drawings and specifications should be re- 
viewed by an independent team involving all design disciplines represented on the proj- 
ect. The reviews should consider both the individual disciplines as well as the interrela- 
tionships between the various disciplines. The quality control review comments should 
be documented, with each design discipline providing a response on the action taken to 
address each comment. 

Value Engineering. If value engineering is performed at this stage of the project, it nor- 
mally focuses on design details. It would not ordinarily consider major design concepts, 
because changing the design at this stage involves significant changes to plans and spec- 
ifications. Issues usually addressed include materials of construction, equipment selection, 
system redundancy, and constructability. 

Regulatory Agency Reviews. Final plans and specifications must be submitted to vari- 
ous regulatory agencies for review, with the review conuments incorporated into docu- 
ments where necessary. If possible, meetings should be conducted with regulatory agen- 
cies during final design to keep them informed of project status and to obtain their input 
on critical design issues. 

Final Cost Estimates. A detailed cost estimate should be prepared as soon as practical 
during final design. The estimate should be completed for each design discipline, indi- 
cating unit quantities and costs for all construction items. Cost estimates should be sub- 
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mitted for owner review. In addition, they must accompany applications for state or fed- 
eral funding assistance. 

Bid Documents. Final design plans and specifications can be formatted to allow con- 
struction using one of several contracting approaches. Normally, conventional bid docu- 
ments are used that allow the owner to accept competitive bids and award the entire con- 
struction job, or job components, to the lowest qualified, responsible bidder. Under this 
approach all elements shown in the bid documents are the contractor's responsibility to 
construct, with the owner and engineer inspecting the project to ensure compliance with 
bid documents. In some instances, major equipment to be installed on the project is pre- 
purchased by the owner and supplied to the contractor for installation. Prepurchased equip- 
ment is normally used to accelerate the construction schedule or to allow use of propri- 
etary equipment. 

Another bid approach gaining popularity is use of a "design-build" format. Under this 
approach, only preliminary engineering is completed for bidding, with final design pre- 
pared by the lowest, qualified, responsible bidder. The owner then monitors compliance 
with bid documents during construction, usually with assistance from the preliminary de- 
signer. The primary benefit of the design-build approach is the single source of respon- 
sibility provided to the owner, allowing a single point of contact for design and con- 
struction issues. Combining design and construction responsibilities provides a greater 
potential to shorten the project implementation period by overlapping design and con- 
struction. One of the primary concerns with using design-build is the possible loss of 
checks and balances between the designer and contractor, which is provided by the tra- 
ditional contractual separation between both parties. 

CONSTRUCTION ASSISTANCE 

After completion of final design and incorporation of all pertinent review comments, the 
water treatment plant design can proceed into the construction phase. During construc- 
tion of water treatment plant facilities, a number of design issues must be addressed to 
ensure the successful implementation of the contract documents. These relate to bid ad- 
ministration, construction administration, design disciplines coordination, and owner and 
regulatory review of change orders. 

Bid Administration 

The time flame required for bidding varies depending on the size and complexity of the 
project but is normally about 30 to 60 days. Bid administration activities generally in- 
clude printing the bid documents, conducting prebid meetings, answering bidder ques- 
tions, preparing addenda to bid documents, bid evaluation and award recommendation, 
and contract preparation. Bid administration concludes with the award of the construction 
contract and the issuance of a notice to proceed to the selected contractor. 

Construction Administration 

The administration of project construction consists of a number of tasks that must be pro- 
vided to oversee the work in progress. Some of the principal duties include 
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• Field observation of the work as it progresses to verify the contractor's compliance with 
contract documents 

• Clarification of contractor questions pertaining to the drawings and specifications 

• Review of shop drawings submitted by the contractor 

• Review of payment requests 

• Monitoring compliance with the construction schedule 

• Testing materials and systems for acceptability 

• Coordination of field orders and change orders 

Timely and relevant communication between all parties involved in the construction 
of the plant improvements is critical to the success of the project. On larger or more com- 
plex projects, formal "partnering" is sometimes utilized to facilitate communication be- 
tween all parties and to minimize conflicts. 

Coordination of Design Disciplines 

All design disciplines should be actively involved in construction administration. Mem- 
bers of the design team should make periodic visits to the construction site to monitor 
construction activities related to their discipline. As part of plant construction adminis- 
tration, it is necessary to coordinate modifications and changes to design with the various 
design disciplines. 

Construction Approvals 

No matter how carefully a construction job is planned and designed, there are almost al- 
ways some changes that must be made during construction as a result of unexpected prob- 
lems or a change of mind by the owner, designer, or regulatory agency. 

Owner Approval of Change Orders. To facilitate timely processing of changes to con- 
tract documents, the owner should be apprised of potential or upcoming change orders as 
they become apparent. Owner approval is normally required for most change orders un- 
less the designer has been designated as the client's contractual authority. Documentation 
should be provided for each change order to ensure that all parties have a clear under- 
standing of the changes it will cause in the project cost and construction schedule. 

Regulatory Approval of Change Orders. In many instances in which regulatory ap- 
proval of the design has been obtained, change orders must be approved by the agencies 
to ensure that the project still complies with agency regulations. Regulatory approval of 
change orders may also be necessary when funding for construction is provided by a reg- 
ulatory agency. 

Facilities Start-up 

The final phase of a water treatment plant construction project involves activities associ- 
ated with start-up and initial operation of the new facilities. The contractor is normally 
required to organize and conduct the start-up of new plant facilities, with the owner and 
designer overseeing the activities. 
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Operator Training 

With any new or modified plant facility, it is important that plant staff receive training to 
operate the new equipment and systems. Operations and maintenance (O&M) manuals 
and formal training should be provided by manufacturers for all new equipment and sys- 
tems. Electronic O&M documents are gaining popularity, and provide a valuable tool for 
accessing data from a variety of sources. Before start-up, equipment or systems manu- 
facturers or suppliers should inspect equipment to verify proper installation, supervise any 
adjustments or installation checks, provide a written statement that equipment is installed 
properly and ready to operate, and instruct the owner's personnel on proper equipment 
operations and maintenance. 

Equipment Start-up 

Starting up a new or modified treatment plant must be carefully coordinated to provide a 
manageable sequence of operations that demonstrates acceptable operation of each sys- 
tem and piece of equipment. Depending on the type of facility, individual or multiple sys- 
tems of the plant may undergo individual start-up if they will not interfere with normal 
operations of existing facilities. For new facilities, it may be necessary to operate the 
entire treatment process at start-up due to the close interrelationship of all treatment 
systems. 

Construction Finalization 

At the completion of construction, the design disciplines should conduct a final inspec- 
tion of the plant improvements to confirm compliance with the drawings and specifica- 
tion. As-built drawings of the facilities should be prepared, incorporating all design 
changes made during construction. After completion of all contract requirements by the 
contractor, final acceptance of the project by the designer and owner should be issued. 
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CHAPTER 4 

INTAKE FACILITIES 

Steven N. Foellmi 
Black & Veatch 

Irvine, California 

Intakes are structures built in a body of water for the purpose of drawing water for hu- 
man use. As discussed in this chapter, intake systems include the facilities required to di- 
vert and transport water from a supply source, such as a river, lake, or reservoir, to a shore 
well or pumping station. For small water supplies, the intake system may be relatively 
simple, consisting of little more than a submerged pipe protected by a rack or screen. In 
contrast, for major water supply systems, intake systems can be extensive, with diversion 
accomplished by intake tower structures or submerged inlet works. An intake system may 
also include transmission conduits, screens, pumping stations, and, in some instances, 
chemical storage and feed facilities. This chapter presents a brief review of intake fea- 
tures, describes types of intake systems, and provides a discussion of intake design con- 
siderations. The design of racks and screens is also discussed. 

INTAKE FEATURES 

The purpose of an intake system is to reliably deliver an adequate quantity of water of 
the best available quality. Reliable intake systems are costly and may represent as much 
as 20% of the total water treatment plant investment. Pipeline construction associated with 
intakes may involve extensive underwater work and the use of specialized marine equip- 
ment. As a result of these and other factors, the cost of such work would be 2.5 to 4 times 
more than that for a similar land project. An intake system must possess a high degree of 
reliability and be able to supply the quantity of water demanded by a water utility under 
the most adverse conditions. Intakes are exposed to numerous natural and artificial per- 
ils, and it is important that the designer anticipate and make provision for operation un- 
der adverse conditions. Conservative structural and hydraulic design and careful selection 
of intake location should be priority considerations. Changing and increasingly stringent 
drinking water regulations present new challenges that potentially impact the design of 
intake facilities. Application of chemical treatment at the intake facilities may be advan- 
tageous to achieve water quality or treatment goals. Problems associated with zebra mus- 
sels provide additional challenges to intake system design. 

4.1 
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FIGURE 4.1 
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Intake Design Objectives 

Specific components that make up an intake facility are influenced by many factors, in- 
cluding characteristics of the water source, required present and future capacity, water 
quality variations, climatic conditions, existing and potential pollution sources, protection 
of aquatic life, water level variations, navigation hazards, foundation conditions, sediment 
and bed loads, required reliability, and economic considerations. In general, an intake fa- 
cility consists of some combination of the components shown in Figure 4.1. 

Each intake system presents unique challenges. Once the specific components are de- 
fined, the facility design must achieve the following: 

• Reliability during water level fluctuations or channel instability 

• Flexibility for water withdrawal at various depths, where desirable and feasible 

• Protection against hydraulic surges, ice, floods, floating debris, boats, and barges 

• Location to provide the best available water quality 

• Prevention of entry of objects that might damage pumps and treatment facilities 

• Adequate space for routine equipment cleaning and maintenance 

• Facilities for removing pumps and other equipment for inspection and maintenance 

• Location and design to minimize damage to aquatic life 

• Adequate space and facilities for receiving, storing, containing, and feeding treatment 
chemicals 

Intake Capacity 

Unlike water system components such as pumping stations, basins, and filters, intake fa- 
cilities are difficult to expand to provide additional future capacity. For this reason, long- 
range water supply needs must be carefully considered during the intake design. In gen- 
eral, intake requirements to meet water needs 20 to 40 years in the future (minimum) 
should be investigated. Although intake facility construction is generally costly, the in- 
cremental cost of incorporating provisions for expansion of capacity to meet future re- 
quirements into the original intake facility design and construction is relatively small. 

Intake Reliability and Redundancy 

Reliability is essential, especially for waterworks that depend on a single intake facility. 
For larger systems, construction of duplicate intake structures is becoming increasingly 
common, including multiple inlet ports and screens, screen chambers, pump wetwells, and 
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TABLE 4.1 Intake Location Considerations 

4.3 

Criteria Remarks 

Water quality 

Water depth 

Silt, sand 

Navigation 

Trash and debris 

W.S. elevation 

Treatment facility 

Cost 

Local surface drainage 
Wastewater discharge points 
Lake and stream currents 
Wind and wave impacts 
Water depth and variation 

Maximum available 
Adequate submergence over inlet ports 
Avoid ice problems 

Locate to minimize impact 

Outside shipping lanes, designed for accidental impact 

Provisions for unrestricted flowby 

Maximum practical hydraulic gradient 

Minimize conduit length to treatment plant 

Lowest cost consistent with long-term performance and O&M requirements 

discharge conduits. Where impact from zebra mussels can be expected, redundancy takes 
on increased emphasis because of the need to provide periodic inspection and mainte- 
nance of intake components. For systems served by a single intake, failure of the intake 
system means failure of the supply, an emergency condition that, if not promptly cor- 
rected, can become a water supply disaster. 

Intake Location 

Selecting the appropriate location for an intake facility must include an evaluation of the 
major factors presented in Table 4.1. A thorough study should be made of water quality 
data to help determine the best location for siting the intake structure. Where insufficient 
data are available, a water sampling and testing program may be warranted. 

TYPES OF INTAKE SYSTEMS 

A variety of intake systems have been employed and can be generally divided into two 
categories: exposed intakes and submerged intakes (Table 4.2). Additionally, many vari- 
ations of these principal intake types have been used successfully. Intake systems are clas- 
sified as either river intakes or lake/reservoir intakes because the circumstances, location, 
and types of structures used are generally quite different. Intake towers are commonly 
used in lakes and reservoirs and are usually located in the deepest water that can be eco- 
nomically reached. Intake towers may also be incorporated into a dam that creates a reser- 
voir and used as part of a river intake system. Water is conveyed from the intake tower 
via a gravity pipeline or tunnel to the shore well or pumping station. Intake towers offer 
permanence, reliability, and flexibility in depth of draft, but their cost is substantial and 
accessibility can be problematic. 
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TABLE 4.2 Types of Intake 

CHAPTER FOUR 

Category Design type Remarks 

Exposed Tower (integral with da rn )  Applicable to larger systems, more expensive 
Tower (lake interior) Navigational impact 
Shore well Design for floating debris or ice 
Floating or movable Improved access for O&M 
Siphon well Increased flexibility, provisions for expansion 

Plain-end pipe or elbow Applicable to smaller systems, less expensive 
Screened inlet crib No navigational impact 

No impact from floating debris or ice 
Less flexibility 
Difficult O&M 
No navigational impact 
No impact from floating debris or ice 
Applicable to river systems with certain 

geologic conditions 
No navigational impact 
No impact from floating debris or ice 
Applicable to river systems with certain 

geologic conditions 

Submerged 

Gravel-packed wells 

Horizontal collection 
systems 

River Intakes 

Water systems utilizing rivers as a supply source can often combine an inlet structure and 
source water pumping into a single facility. As an example of this configuration, the bank 
intake system located on the Missouri River serving Water District No. 1 of Johnson 
County, Kansas, is shown in Figure 4.2. This facility, part of a long-range water supply 
program, has a capacity of 125 mgd (473 ML per day). The intake has six vertical, wet- 
pit pumps, each located in an individual cell and each protected by a removable bar rack 
and traveling screen. Source water enters through six rectangular ports located about 1 ft 
(0.3 m) above the bed of the river. Sluice gates enable each cell to be isolated for in- 
spection, cleaning, or maintenance. The Johnson County intake also includes presedi- 
mentation facilities at the water source. Heavy solids (sands and silts) are separated from 
the flow stream to reduce the load on pumps and pipelines, as well as to improve over- 
all performance of the treatment plant. 

River channel degradation has become a significant challenge on some rivers, which 
has led to insufficient water withdrawal at intakes due to low flows. Emergency low-flow 
submersible pumps have been installed at some locations, including the Missouri River 
intake described above, as a temporary measure. A jetty was installed at a Kansas River 
intake to raise the river to a level where it would enter the existing intake ports. How- 
ever, jetty installation is not always an acceptable remedy due to navigation, environ- 
mental, and recreational concerns. 

The lock and dam system on the Ohio River consistently provides flow for barge traf- 
fic, ensuring sufficient depth for water withdrawal is present at the Northern Kentucky 
Water District's Ohio River Pump Station No. 1 (ORPS-1) (Figure 4.3). ORPS-1 with- 
draws water from the Ohio River for supply to the Fort Thomas Treatment Plant. ORPS-1 
is a tower-type intake facility, with a firm pumping capacity of 60 mgd (227 ML per day). 
There are three interior chambers, or cells, inside the structure, each equipped with two 
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FIGURE 4.2 Missouri River intake (shore structures). 

12 mgd (45 ML per day) vertical turbine pumps and a traveling screen. Raw water enters 
through stainless steel bar racks on one of six submerged ports (two per cell) and then 
passes through a traveling screen before reaching the pumps. The facility has the capa- 
bility of feeding sodium hypochlorite and potassium permanganate at the port openings 
for zebra mussel control. The pump station is approximately 80 ft (24 m) in length and 
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FIGURE 4.3 Ohio River intake (shore structures). 

78 ft (24 m) in width and is approximately 115 ft (35 m) high from the concrete founda- 
tion to the top of the station roof. Architectural enhancements were included to address 
aesthetic concerns due to the intake's location in a highly visible area and close proxim- 
ity to the Greater Cincinnati Water Works' existing 1890s vintage tower intake. 

Alternative intake systems should be considered to identify the most cost-effective so- 
lution that satisfies performance criteria. Examples of alternatives that may prove useful 
in overcoming low-water and flood difficulties as well as bed load problems include an 
exposed or submerged river inlet tower and shore pumping station, siphon intake, foat- 
ing intake, movable intake, and well intake. 

Siphon well intakes are usually installed in rivers and consist of a shore structure that 
receives water from the river through a siphon pipe (Figure 4.4). The siphon pipe inlet 
may be a submerged crib equipped with a trash rack or simply a screen section attached 
to the open pipe. Siphon well intakes have a record of satisfactory service and are gen- 
erally less costly than other types of shore intakes. 

Figure 4.5 shows the Louisville Water Company crib-type intake located on the Ohio 
River in Kentucky. The design capacity is 120 mgd (454 ML per day). The intake in- 
cludes multiple screens mounted in a concrete crib structure constructed on the river bot- 
tom. Parallel 60-in. (1.5-m) source water conduits enable redundancy and increased hy- 
draulic capacity to the pump station. Provisions are included to backflush each source 
water conduit from the pump station. The conduits also include chlorine feed capabilities 
to control zebra mussels, Asiatic clams, and freshwater sponges. 
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FIGURE 4.4 Siphon well intakes. 

The groundwater potential of a river valley is also worthy of consideration. Gravel- 
packed wells or horizontal groundwater collection systems (collector wells) may, on oc- 
casion, offer an economical alternative to difficult, costly intake construction and the as- 
sociated operating challenges when geologic conditions are favorable. Well intakes are 
not subject to the river intake hazards of navigation; flood damage; clogging with fish, 
sand, gravel, silt, ice, or debris; and extreme low water. An additional benefit associated 
with well intakes is the improved water quality due to riverbank filtration resulting from 
the surface water being subjected to ground passage prior to its collection. The water ob- 
tained from well intake systems along rivers is typically a mixture of groundwater and 
induced flow from the river. Gravel-packed wells are vertical collection systems with typ- 
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FIGURE 4.6 Horizontal groundwater collection system. (Source: Hydro Group.) 

ical diameters of 5 ft (1.5 m) or less with pipe casing. Collector wells are typically 13 to 
20 ft (4.0 to 6.1 m) in diameter with a reinforced concrete caisson that has two or more 
horizontal screens extending into the saturated zone. 

Figure 4.6 shows a typical collector well. A collector well, similar to Figure 4.6, has 
been installed in Lincoln, Nebraska, along the Platte River. A comparison between verti- 
cal and horizontal wells determined that life-cycle costs would be similar for the devel- 
opment of a 35 mgd (132 ML per day) well field. Two 17.5 mgd (66.2 ML per day) col- 
lector wells were designed for this installation due to reduced maintenance requirements 
and equivalent reliability compared with vertical wells. Extensive hydrogeologic testing 
was performed to design the collector wells and to identify the most favorable sites. The 
testing program included installation of test holes, observation wells, and test production 
wells. Long-term pumping tests were conducted to determine the aquifer properties and 
the amount of recharge available from the Platte River. 

A 30 mgd (114 ML per day) well field along the Missouri River taps a ll0-ft-deep 
(33.5-m) sand and gravel alluvial aquifer. This well field consists of seven gravel-packed 
vertical wells and one collector well. The vertical wells include an elevated platform, lo- 
cated above the flood of record, which houses the motor, controls, and valves. The col- 
lector well house is located above the flood of record and includes two floors, a bridge 
crane, and three 6 mgd (23 ML per day) pumps. One pump is outfitted with an adjustable- 
frequency drive. Vertical well capacities are 2.9 mgd (10.9 ML per day), and the collec- 
tor well capacity is 15 mgd (57 ML per day). 

River Intake Locations. The preferred location for a shore intake system provides deep 
water, a stable channel, and water of consistently high quality. In general, the outside bank 
of an established river bend offers the best channel conditions. The inside bank is likely 
to be troublesome because of reduced flow velocity, shallow water, and sandbar forma- 
tions. The intake location should be upstream of local sources of pollution. Considerable 



4.10 CHAPTER FOUR 

variation in water quality can result from the entrance of pollution from tributary streams 
upstream of the proposed intake location, and water quality near one bank may be infe- 
rior to the quality encountered midstream or at the opposite shore. 

Flood Considerations. It is essential to protect intake structures against flood damage. 
The intake structure must also be designed to prevent flotation and to resist the thrust of 
ice jams. Flood stages at the intake site should be considered carefully, and a substantial 
margin of safety provided. It is essential for the flood design criteria to be clearly marked 
on the design drawings. Due to watershed and channel alterations, future flood stages may 
exceed those of the past, and so the designer should consider the possibility that the in- 
take will be exposed to flood stages in excess of those on record. 

Silt and Bed Load Considerations. Many streams carry heavy loads of suspended silt 
at times, and heavy material move along the beds of many streams. The intake must be 
designed so that it will not be clogged by silt and bed load deposits. Silt, sand, and gravel 
can also cause abrasion of pumps and other mechanical equipment, leading to severe prob- 
lems at the treatment plant. To help prevent such deposits, jetties may be built to deflect 
the principal flow of the river toward and past the face of the intake. 

Lake and Reservoir Intakes 

Both tower intakes and submerged intakes are employed for drawing water supplies from 
lakes and reservoirs. A tower intake may be designed as an independent structure located 
some distance from shore in the deepest part of the lake or reservoir. Access to these tow- 
ers is typically provided by bridge, causeway, or boat. Towers must be designed to cope 
with flotation, wind, wave, and ice forces. 

The Metropolitan Water District of Southern California (MWD) owns and operates 
the Diamond Valley Lake, which contains, at its maximum water level, about 800;000 
acre • ft (990,000 ML) of imported raw water. Diamond Valley Lake serves as an emer- 
gency water supply for southern California. The intake tower, shown in Figure 4.7, is the 
structure by which water enters and exits the reservoir. The tower is 260 ft (79 m) tall, 
100 ft (30 m) long in the direction of flow, and 80 ft (24 m) wide. It includes nine por- 
tal tiers, each equipped with two 84-in. (2. l -m) pipes with butterfly shutoff valves. Mul- 
tiple tiers provide MWD the flexibility to selectively withdraw the highest-quality water 
as reservoir conditions change. The tower is equipped with four movable wire cloth screens 
to prevent the entry of fish during a drafting condition. The screens can be positioned 
over any of the intake ports selected for operation. Normal hydraulic withdrawal capac- 
ity of the intake tower is 1,100 mgd (4,200 ML per day) with a maximum capacity dur- 
ing emergency drawdown of the reservoir of 4,500 mgd (17,000 ML per day). The raw 
water is chlorinated within the lake's intake facilities to control algae and mussel growth, 
and the water is dechlorinated at the tower prior to entry into the reservoir. 

The Charlotte-Mecklenburg Utilities Department intake on Lake Norman in North Car- 
olina is an in-lake tower facility (Figure 4.8). The intake has an initial capacity of 54 mgd 
(204 ML per day) and is expandable to an ultimate capacity of 108 mgd (409 ML per 
day), which should satisfy projected demand for 35 years. The intake uses passive stain- 
less steel screens mounted on the exterior of the structure's inlet pipes to exclude entry 
of debris and fish. The screens are designed with air backwash for cleaning, and redun- 
dancy is provided with two 60-in. (l.5-m) source water conduits to shore facilities. This 
facility incorporates a special "gazebo" architectural concept, which was specifically se- 
lected to blend the intake structure with the park setting. 
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FIGURE 4.7 Diamond Valley Lake inlet/outlet tower. 

Submerged intakes generally do not obstruct navigation and are usually less costly 
than exposed towers. If properly located and designed, submerged intakes are not signif- 
icantly impacted by ice. They consist of a submerged inlet structure, an intake conduit, 
and a shore shaft or suction well. Shore intakes are occasionally built on lakes and reser- 
voirs, but in general, their effectiveness is reduced by ice, sand, and floating debris. 

The intake shown in Figure 4.9 has an initial capacity of 44 mgd (167 ML per day) 
and includes provisions to add a fourth screen to provide a future capacity of 65 mgd (246 
ML per day). This is a submerged intake with three T-shaped, stainless steel passive 
screens connected to a common header pipe. Each screen is equipped with an internally 
mounted air backwash connection used to remove debris from the screen surface. These 
screens will be located in the Woodward Reservoir in Stanislaus County, California. 

An example of a floating intake can be found on Canyon Lake in southern California. 
Elsinore Valley Municipal Water District draws source water from Canyon Lake for its 
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FIGURE 4.9 Submerged intake screens. 
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FIGURE 4.10 Floating intakes. 

9 mgd (34 ML per day) water treatment plant. The intake for this facility, shown in Fig- 
ure 4.10, consists of four 3 mgd (11 ML per day) horizontal centrifugal pumps mounted 
on a floating platform anchored to the shore. The depth of water withdrawal is variable 
based on changeable suction piping length for each pump. A flexible hose is used for 
transmission of source water from the intake to the shore piping. An in-lake aeration sys- 
tem can be used to minimize lake stratification and to provide the best possible water 
quality to the plant for treatment. A design variation used to accommodate water level 
variations is a movable carriage intake, which is shown in Figure 4.11. 

Lake and Reservoir Intake Location. The location of a lake or reservoir intake should 
be selected to obtain an adequate supply of water of the highest possible quality, with 
consistent reliability, economical construction, and minimal effect on aquatic life. To avoid 
sediment, sand, and ice problems, a submerged intake's inlet works should ideally be lo- 
cated in deep water. Water with a depth of at least 50 ft (15.2 m) is desirable. To achieve 
this depth in lakes where shallow water extends for a long distance from shore, a lengthy 
intake conduit may be required. In some locations, placement in shallow water may be 
acceptable if acceptable quality water is available. 

Water Quality Impacts on Intake Location. In the past, pollution has forced the aban- 
donment of some lake intakes, which has resulted in the need for careful evaluation of 
pollution potential at proposed new intake sites. When one is considering the pollution 
potential of a site, prevailing winds and currents are often significant. Review of seasonal 
water quality data provides further guidance during the process of site selection. Addi- 
tionally, special water quality surveys over a period of several years may be required to 
define the optimum location. 
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FIGURE 4,11 Intake pump on movable carriage. 

INTAKE DESIGN 

Designing an intake system involves many different considerations including design ca- 
pacity, intake layout, intake conduits, and pumping requirements. Intake design also re- 
quires consideration of several potential problems, as discussed below. 

Design Capacity 

Selecting design criteria and flow rates should reflect the longer planning period appro- 
priate for major intake facilities. Hydraulic criteria to be evaluated are summarized in 
Table 4.3. 

If the need for future increased capacity is likely, the potential for constructing an en- 
larged intake facility initially should be carefully evaluated. This may mean installing an 
oversized screen structure or parallel intake conduits (with one reserved for future ca- 
pacity) to facilitate future expansion. Hydraulic analysis should also include calculation 
of a hydraulic overload condition to provide a safety factor against lost capacity caused 
by conduit deterioration over time, conduit fouling, or for emergency conditions. 

Submergence Design 

As intake capacity is directly related to inlet submergence, the designer should be aware 
of the substantial variations in water levels encountered in many lakes, reservoirs, and 

TABLE 4.3 Hydraulic Criteria 

Flow criteria Capacity Remarks 

Design flow Q 

Minimum flow 0.10Q to 0.20Q 

Ultimate flow 2.00Q or higher 

Hydraulic overload 1.25Q to 1.50Q 

Present design capacity 

System-specific 

System-specific 

Evaluate for all design conditions 
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rivers. The intake system must have adequate capacity to meet maximum water demand 
during its projected service life, and intake capacity equal to this demand must be avail- 
able during the period of minimum water level in the source of supply. 

A conservative approach should be used to establish the lowest water level for intake 
system design. Lack of adequate submergence during periods of extreme low water re- 
sults in greatly reduced capacity. Deeper than normal submergence should be considered 
for rivers subject to floating and slush ice, or where extremely low water may occur dur- 
ing the winter season as a consequence of ice jams. On some rivers, it may be impossi- 
ble to obtain adequate submergence under all anticipated operational conditions. For such 
situations, a low, self-scouring channel dam may be required for a reliable intake system. 

Layout 

Cellular or parallel component design of intake systems should be evaluated for major fa- 
cilities. Cellular design divides the intake into two or more independent and parallel flow 
streams. This arrangement enhances reliability, provides flexibility, and simplifies main- 
tenance activities. Individual cells can be taken out of service as required for inspection, 
cleaning, maintenance, or repair. 

Inlet Works and Ports 

For intakes located on deep reservoirs and rivers, gated inlet ports may be provided at 
several depths to facilitate selective withdrawal of water. In rivers, submergence may gov- 
ern, and ports must be placed at as low an elevation as practical. However, the lowest 
ports of an intake should be sufficiently above the bottom of the channel to avoid clog- 
ging by silt, sand, and gravel deposits. Port inlet velocities should be selected to mini- 
mize entrainment of frazil ice, debris, and fish. Factors that affect selection of intake port 
configuration and locations are summarized in Table 4.4. 

Development of an intake port design should include an overall operational strategy 
identifying potential problems that may be encountered and the capability of minimizing 
problems by selective withdrawal of water from the water source. It is likely that annual 
facility operation will require use of several intake ports in an effort to draw the highest- 
quality water. A water quality monitoring system capable of defining water quality pa- 

TABLE 4.4 Intake Port Selection 

Required port location 

Concern (to be avoided) Shallow Intermediate Deep 

Organisms (requiring sunlight) ,/  ,/ 

Warm water ¢" ,/ 

Storm turbidity ,/ , /  4 

Plankton ,z ~/ 

Carbon dioxide 1/ 

Iron and manganese ,I ~/ 

Color ,/  , /  
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TABLE 4.5 Location and Spacing of Ports 

Criterion Suggested location 

Vertical spacing 

Depth above bottom 

Depth below surface 

Intermediate ports 

Ice avoidance 

Wave action 

10-15 ft (3-5 m) maximum 

5-8 ft (1.5-2.4 m) 

Variable 

Best water quality, avoidance of pollution 

20-30 ft (6-9 m) below surface 

15-30 ft (5-9 m) below surface 

rameters throughout the depth of the water source should also be considered as an ele- 
ment of the intake facility design. 

Experience has shown that the final number and spacing of inlet ports is affected by 
the specific conditions to be encountered, as shown in Table 4.5. 

There is typically a wide variation of water quality, with respect to depth, in stratified 
lakes. At Shasta Dam in northem California, turbid water behind the dam became strati- 
fied within several weeks after a major storm. The most turbid water settled near the bot- 
tom, and the water became progressively less turbid toward the surface. These, and other, 
studies confirm the value of intake tower designs that include multilevel inlet ports. Oc- 
casional adjustment of the depth of draft can often substantially improve chemical, phys- 
ical, and biological water quality parameters. These improvements are reflected in en- 
hanced treatment performance and reduced treatment costs. 

Intake ports should be selected to achieve reliable delivery of water while minimizing 
the inclusion of unwanted material or contaminants. Table 4.6 provides a summary of de- 
sign criteria for exposed intakes. 

The intake tower shown in Figure 4.12 is located in Monroe Reservoir, the water sup- 
ply source for Bloomington, Indiana. Two intake cells, each equipped with three intake 
ports, provide variable depth withdrawal capability. Bar and traveling screens protect four 
vertical, wet-pit pumps. The design capacity of the intake system is 48 mgd (182 ML per 
day). 

Various inlet designs for submerged intakes avoid sediment, sand, and ice problems. 
Inlets are best located in deep water with inlet velocities less than 0.5 ft/s (15 cm/s), with 
a preferred range of 0.2 to 0.3 ft/s (6.1 to 9.1 cm/s). Inlet structures are typically con- 
structed of wood or other nonferrous materials with low heat conductivity that are less 
susceptible to ice deposits. Submerged intakes may be constructed as "cribs" surround- 
ing an upturned, bell-mouth inlet connected to an intake pipeline. The crib is often con- 
structed as a polygon, built of heavy timbers bolted together, weighted and protected by 

TABLE 4.6 Exposed Intake Design Criteria 

Criterion Remarks 

Port velocity 0.20-0.33 ft/s (6-10 cm/s); 0.50 ft/s (15 crn/s) maximum 

Ports Multiple; three minimum 

Water level variation Design capacity at minimum level; operating deck 
above 500-year flood level 
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FIGURE 4.13 Lake intake crib. 

concrete and crushed rock, and bedded on a crushed stone mat. The intake conduit con- 
veys water to the shore well, which may also be the source water pump station. The shore 
well is typically designed to dissipate surges and may contain either fixed or traveling 
screens. Submerged intake systems using the wood crib arrangement have proved gener- 
ally reliable on the Great Lakes when properly located. 

Figure 4.13 shows a section of the Milwaukee, Wisconsin, intake crib located in Lake 
Michigan, with a rated capacity of 315 mgd (1,192 ML per day). The crib is an octago- 
nal, coated steel structure, 11 ft (3.3 m) high and 52 ft (15.8 m) wide between parallel 
sides. It was floated into position and sunk by filling the air tanks with water. The hori- 
zontal baffle ensures relatively uniform flow through all parts of the intake screen. At the 
design flow rate, the average velocity through the screen openings is 0.31 ft/s (9.4 crrds). 
Average water depth at the intake location is approximately 50 ft (15.2 m). The 108-in. 
(2.74-m) intake conduit extends 7,600 ft (2,320 m) to the pumping station located on the 
shore of the lake. 

Other configurations for submerged intakes include hydraulically balanced inlet cones; 
screened, baffled steel cribs; and inlet drums. Hydraulically balanced inlet cones have 
been used at several Great Lakes intakes. The structure shown in Figure 4.14 consists of 
three groups of three equally spaced inlet cones connected to a cross at the inlet end of 
the intake conduit. This configuration provides essentially identical entrance velocities 
through all cones. The lower photograph shows a group of three inlet cones before place- 
ment in Lake Michigan. 

Intake Conduit 

The intake conduit, which connects the submerged inlet works with the shore shaft, typ- 
ically consists of either a pipeline or a tunnel. Tunnels have a high degree of reliability, 
but are usually more cosily to construct. For large water systems, a tunnel may provide 
an economical choice. The selection of the design velocity for intake conduits requires a 
balance between hydraulic headloss at high flow rates and the potential for sediment de- 
position at low flow. Velocities in the conduit should be sufficient to minimize deposi- 
tion. If low flow rates are anticipated, provision for high-velocity backwash should be 
considered. Biological growths on the interior surface of the conduit may reduce its ca- 
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FIGURE 4.14 Hydraulically balanced inlet cones. 

pacity, and this should be factored into the hydraulic design. Design criteria applicable to 
the design of intake conduits are presented in Table 4.7. 

Subaqueous pipe is generally used for intake conduits, with pipe laid within a trench 
in the lake or reservoir bottom. It is desirable to have approximately 3 to 4 ft (0.91 to 
1.22 m) of cover over the top of the pipe, plus an additional protective top layer of crushed 
rock. 
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TABLE 4.7 Intake Conduit Design Criteria 

4.21 

Number of conduits 

Velocity 

Type of construction 

Slope or grade 

One minimum; two or more preferred 

1.5-2.0 ft/s (46-61 cm/s) at design flow; 3-4 ft/s (90-120 cngs) maximum 

Tunnel or pipeline 

Continuous to drain or to an air release valve 

The allowable drawdown in the shore shaft is a critical factor in the hydraulic design 
of the intake conduit. Drawdown results from friction loss in the conduit and equals the 
difference between the lake or reservoir level and the level of water in the shore shaft. 
Drawdown should be limited to avoid excessive excavation for the shore shaft. 

The conduit should be laid on a continuously rising or falling grade to avoid reduc- 
tion in conduit capacity from air accumulation at high points. When an undulating 
conduit cannot be avoided because of the profile of the lake bottom, provisions for 
air release should be made at the high points. 

Pumping Facilities 

The shore well serves as a screen chamber and a source water pump suction well. The 
depth of the shore shaft must be adequate to allow for drawdown when the intake oper- 
ates at maximum capacity and the source water elevation is at its minimum. In addition, 
the well must provide an ample submergence allowance for the source water pumps. The 
well must also be capable of resisting and dissipating surges that occur during a power 
failure. Some shore wells are constructed with a shaft large enough to readily discharge 
the surge back to the supply source. 

Many shore wells are equipped with fixed or traveling screens to remove objects large 
enough to cause pump damage. In general, traveling screens are preferable for most sys- 
tems with the exception of small systems. Cellular construction of the shore well is ad- 
visable, and inlet control gates should be provided so that either all or a portion of the 
shore well can be taken out of service for inspection, maintenance, and repair. 

INTAKE DESIGN CONSIDERATIONS 

Designing an intake system requires consideration of a variety of potential problems that 
can be encountered. Regions with long, severe winters require significant consideration 
of potential impacts from ice formation. Zebra mussel impacts may need to be addressed 
in some regions. Fish protection is an especially important design consideration in the Pa- 
cific northwest and California. Design challenges applicable to most regions include flota- 
tion, geotechnical, mechanical, and chemical treatment considerations. 

Ice Design Considerations 

Intake systems located in regions with long, severe winters may be subjected to ice in its 
various forms including surface, frazil, and anchor ice. 
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Surface Ice. In some locations, surface ice and ice floes create a structural hazard to 
exposed intakes. On lakes, an accumulation of wind-driven ice floes near a shore intake 
can produce a deep, nearly solid layer of ice capable of restricting or completely block- 
ing intake ports. Under such conditions, reliable intake operation is virtually impossible, 
and water supplies obtained from lakes and reservoirs subject to severe ice problems are 
typically served by offshore intakes. 

Ice jams can cause partial or complete blockage of river intakes. Jams below a river 
intake can also cause extremely high river stages, and an upstream jam can produce low 
water levels at the intake location, reducing its capacity. 

Frazil Ice. Frazil ice is small, disk-shaped ice crystals. Frazil ice has been aptly called 
"the invisible strangler." When conditions favor its formation, the rate of buildup on un- 
derwater objects can be rapid; frazil ice accumulation can reduce an intake's capacity sub- 
stantially and can, in some cases, clog it completely in only a few hours. 

Ice starts forming when water temperature is reduced to 32 ° F (0 ° C) and water con- 
tinues to lose heat to the atmosphere. For pure water, supercooling to temperatures well 
below the freezing point is necessary to start ice formation, but with natural water, the re- 
quired supercooling is much less. Two types of ice formation are recognized: static ice 
and dynamic ice (Table 4.8). 

Static ice forms in quiet water of lakes and river pools. Dynamic ice formation occurs 
in turbulent water such as areas of high flow in rivers and in lakes mixed by wind action. 
Frazil ice formed under dynamic conditions adversely affects hydraulic characteristics of 
intakes. 

When natural water loses heat to the atmosphere and a condition of turbulence exists, 
uniform cooling of a large fraction of the water body occurs. If the initial water temper- 
ature is slightly above the freezing point and cooling is rapid, a small amount of super- 
cooling occurs, and small, disk-shaped frazil ice crystals form and are distributed through- 
out the turbulent mass. These small crystals are the initial stage of ice production. Other 
ice forms can develop from this initial ice production in sizable quantities. 

Where there is little or no mixing, supercooled water and existing surface ice crystals 
are not carried to a significant depth, and the result is the formation of a layer of surface 
ice rather than a mass of frazil. Surface ice formation reduces heat loss from the water 
and usually prevents formation of frazil ice. 

Two kinds of frazil ice have been identified, as shown in Table 4.9: active and inac- 
tive, or passive. Freshly formed frazil crystals dispersed in supercooled water and grow- 
ing in size are in an active state. When in this condition, they will readily adhere to un- 
derwater objects such as intake screens or rocks. Frazil ice production and adhesiveness 
are associated with the degree of supercooling, which is related to the rate of cooling of 

TABLE 4.8 Ice Formation Conditions 

Type Remarks 

Static ice 

Dynamic ice 

Quiet waters 
Small lakes and river pools 

Turbulent water 
Rivers in area of great flow 
Reservoirs with significant wind action 
Frazil ice formation occurs first 
Massive ice formations may follow 
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TABLE 4.9 Frazil Ice Characteristics 

Type Remarks 

Active 

Inactive (passive) 

Initial phase of formation 
Rapid growth in size 
Readily adheres to intake facilities 
Short-lived phase 
System clogging within a few hours 

Static or declining size 
Lost adherence and characteristics 
Less troublesome 
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the water mass. Frazil ice particles remain in an active, adhesive state for only a short 
time after their formation. With the reduction of supercooling and the return of the water 
to 32 ° F (0 ° C), frazil ice crystals stop growing and change to an inactive, or passive, 
state. Passive frazil ice is ice that has lost its adhesive properties and is therefore less 
troublesome. 

Some confusion exists concerning the relationship between frazil ice and anchor ice. 
It has been suggested that anchor ice occurs rarely and consists of sheetlike crystals that 
adhere to and grow on submerged objects. Accumulations of frazil ice may closely re- 
semble anchor ice. Some investigators designate all ice attached to the bottom as anchor 
ice regardless of how it is formed. Anchor ice may form in place on the bottom and grow 
by the attachment of frazil crystals. On the other hand, according to Giffen (1973), ice 
crystallization and growth directly on the surface of a shallow intake structure in open 
water is commonly termed anchor ice. Anchor ice normally does not form at depths greater 
than 40 to 45 ft (12.2 to 13.7 m), although the depth associated with anchor ice forma- 
tion ultimately depends on water turbidity. 

Predicting Frazil Ice Formation. The climatological conditions that encourage frazil 
ice formation are a clear night sky, an air temperature of 9.4 ° F ( -12 .5  ° C) or less, a 
day water temperature of 32.4 ° F (0.222 ° C) or less, a cooling rate greater than 0.01 ° F 
(0.0056 ° C) per hour, and a wind speed greater than 10 mi/h (16.1 km/h) at the water sur- 
face. Frazil ice generally accumulates in the late evening or early morning hours and sel- 
dom lasts past noon. Conditions favorable to frazil ice formation vary considerably from 
site to site, making it difficult to use weather data alone as a forecasting toot. 

Frazil ice formation can be illustrated graphically by plotting water temperature vari- 
ation versus time, as shown in Figure 4.15. When the original constant cooling rate (A 
to B) of water undergoing supercooling deviates, frazil ice begins to form. The process 
illustrated in Figure 4.15 takes only a few minutes. The rate of ice production at point C 
is equal to the cooling rate divided by the product of the ice density. 

Design Features. Research and experience on the Great Lakes and elsewhere indicate 
that location and design features of submerged intakes can significantly reduce intake ice 
problems, but probably not completely eliminate them. Submerging lake intakes in deep 
water and sizing inlet ports for a velocity of 0.3 ft/s (9.1 cm/s) or less minimize the amount 
of frazil ice transported downward to the structure. However, during winter storms, strong 
wind and wave action can carry ice crystals and supercooled water to considerable depths, 
making accumulation of ice on and around the intake likely. Some of the procedures to 
alleviate frazil ice problems at submerged intakes are summarized in Table 4.10. 
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FIGURE 4.15 Frazil ice formation: water temperature sequence. 

Creating a quiet body of water at the intake location promotes surface ice formation. 
At the Billings, Montana, waterworks, frazil ice was a severe winter problem in the tur- 
bulent Yellowstone River. In this case, the solution was to enlarge an off-river intake 
channel into an earthen forebay with a detention time of approximately 1 h. Surface ice 
formed on the nearly quiescent forebay. This insulating ice cover prevented the forma- 
tion of additional frazil ice and provided the opportunity for river frazil carried into the 
forebay to combine with the surface ice and revert to a passive condition. 

To prevent or at least minimize ice clogging, the structure can be built of low-heat- 
transfer materials with smooth surfaces not conducive to the accumulation of ice crystals. 
Metals such as steel are more susceptible to frazil ice formation because they have a high 
heat conductivity and act as a sink for the latent heat released when ice begins to form. 
This encourages ice buildup. In contrast, ice does not readily crystallize or grow rapidly 
on wood or plastic. Screens can be constructed using fiberglass-reinforced plastic with 
low thermal conductivity and a smooth surface. Any exposed metal surfaces can be coated 
with an inert material such as black epoxy paint to effect better thermal properties and to 
increase radiation heat gain. Screens have been developed that resist frazil ice formation. 

Heated intake screens have been used successfully at power plant installations and may 
have application at waterworks intakes. Frazil ice does not adhere to objects with tern- 

TABLE 4.10 Frazil Ice Mitigation 

Criterion Remarks 

Location 

Inlet ports 

Temperature 

Quiet waters away from turbulence 
Protected by ice cover 
Deep water 

Velocity 
Large bar rack opening [< 24 in. (0.6 m)] 
Low-heat-transfer materials 
Smooth surfaces 
Coating to improve thermal characteristics 

Heat to prevent ice adherence 
Raise local water temperature 0.18 ° F (0.1 ° C) 
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peratures slightly above the freezing point. For larger installations in cold climates, a pro- 
hibitive amount of energy would probably be required for heating intake screens. 

Control Methods. An indication of icing problems at an intake is abnormal drawdown 
of the intake well. If the intake has a screen, excessive drawdown can rupture the screen. 

Methods most commonly used to control frazil ice at an intake structure include in- 
jecting steam or compressed air at the intake opening, backflushing the intake with set- 
tled water, and manual or mechanical raking to remove the ice. If  backflushing is to be 
routinely practiced, provisions must be included when the intake is designed. It is some- 
times possible to clear partially clogged intake ports by a method termed control draw- 
down, which involves throttling the intake well pumps and maintaining reduced intake 
flow. Under some conditions, this flow may be sufficient to erode ice bridges at the ports 
and restore intake capacity. 

If the plant has an alternate intake or sufficient storage capacity to operate without 
source water for a few hours, the simplest solution is to shut down the intake and wait 
for the ice to float off. 

Zebra Mussel Considerations 

The zebra mussel (Dreissena polymorpha) is a small bivalve mollusk native to Europe 
that has alternating light and dark stripes on its shell. Zebra mussels average about 1 in. 
in length and may typically live for 4 to 8 years. The mussels are most frequently found 
at water depths between 6 and 12 ft (1.8 and 3.7 m). However, they have been found at 
depths up to 360 ft (109.7 m) in the Great Lakes (Lake Ontario). The mussel grows illa- 
mentlike threads (byssus filaments) from the flat side of its shell that allow it to attach to 
hard surfaces, such as the bottoms of ships and the components of water facility intakes. 

Zebra mussels have some natural predators, including some diving ducks and bivalve- 
eating fish such as the common carp and the freshwater drum. However, these predators 
appear to be of little help in controlling the zebra mussel population. The zebra mussel is 
well established in the Great Lakes region of the United States and Canada and prolifer- 
ates under a relatively wide range of water conditions, as illustrated in Table 4.11. Pro- 
jections indicate that they will eventually infest all freshwaters in two-thirds of the United 
States and the majority of southern Canada. The magnitude of the zebra mussel threat can 
be illustrated by the rate at which the mollusk can reproduce. A single female can pro- 
duce between 30,000 and 40,000 eggs per year. Although biologists estimate that only 

TABLE 4.11 Zebra Mussel Requirements for 
Reproduction 

Water characteristics Remarks 

Water pH Basic, 7.4 minimum 

Calcium content of water 28 mg/L minimum 

Water temperature 
Maximum 90 ° F (32.2 ° C) 
Minimum 32 ° F (0 ° C) 

Velocity of flow 5.0--6.5 ft/s (1.5-2.0 m/s) 

Location Prefer a dark location 
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TABLE 4.12 Zebra Mussel Control 

Treatment technique Remarks 

Thermal 

Chemical 

Coating of components 

Construction materials 

Mechanical 

Other methods 

95 ° F (35 ° C) for 2 h 
100% effective 
Repeat 2 or 3 times per year 

Oxidizing chemicals such as chlorine, bromine, 
potassium permanganate, ozone, carbon dioxide 

Continue for 2 or 3 weeks or apply continuously 
Nonoxidizing chemicals are effective and being developed 

Silicone-based coatings prevent attachment 
80% successful 
Copper/epoxy paints 

Copper 
Brass 
Galvanized steel 

Shovel or scrape 
High-pressure hose 
Sandblasting 
Pipeline pigging 

Ultrasound 
High pressure 
Electrocution 
Oxygen depletion 
UV light 

5% of the laid eggs may actually survive, population increases can be huge in areas where 
the environment is conducive to growth. The rapid reproduction rate can result in a ze- 
bra mussel problem changing from nonexistent to a water supply emergency in a few 
months. 

A range of design techniques have been investigated as a means of controll ing or pre- 
venting zebra mussel infestation of water intake facilities, as shown in Table 4.12. The 
most commonly used control method involves combinations of mechanical removal and 
chemical treatment with chlorine and potassium permanganate applications to control re- 
currence. Chemical treatment typically consists of a chemical feed point at the intake fa- 
cility entrance to distribute treatment chemical across the full flow stream of the inlet. 
Mechanical removal may be necessary to clean bar screens or pipelines infested by adult 
mussels. If this is done, care should be exercised in planning the removal process. Dis- 
posal of large volumes of shells and rotting mussel can be problematic, and the rotting 
tissue has the potential of causing significant taste and odor problems in drinking water. 
Control technologies using microorganisms to prevent attachment by and to kill zebra 
mussels are being developed. 

A second bivalve, the quagga mussel, has been discovered in the Great Lakes region. 
This mussel is named after an extinct African relative to the zebra and appears very sim- 
ilar to the zebra mussel to the untrained eye. The quagga tends to be slightly larger than 
the zebra mussel. The quagga does not have a flat side, which prevents it from anchor- 
ing to hard surfaces as tightly as zebra mussels. Both mussels have the ability to colonize 
hard, rocky surfaces and soft sediments. The quagga mussel appears to tolerate higher- 
salinity water than does the zebra and appears to survive at greater water depths. The 
quagga mussel is another problematic aquatic species that may need to be considered when 
one is designing an intake system. 
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Fish Protection Considerations 

Design of intake systems may affect aquatic organisms present in the river, lake, or reser- 
voir. An evaluation for endangered species should be conducted. If endangered fish species 
are present, the National Oceanic and Atmospheric Administration (NOAA) fisheries 
guidelines should be consulted. Fish protection is a significant design element in some 
areas such as California and the Pacific Northwest. Three basic types of devices used to 
prevent juvenile fish from entering flow diversions are (1) physical barrier screens, (2) 
behavioral guidance systems, and (3) capture and release systems. The most widely ac- 
cepted and successful method of protecting juvenile salmonid passage is to use physical 
barriers. When one is designing a juvenile fish screen, the swimming ability of the species 
and the life stage targeted for protection should be considered. In the Pacific Northwest, 
the juvenile fish screen criteria developed by the fisheries agencies are designed to pro- 
tect the weakest swimming species at its most vulnerable life stage. An effective approach 
for fish protection, which also minimizes the introduction of other contaminants, is to use 
low entrance velocities. The flow should approach the screen in a laminar mode. A screen 
can be placed on the end of the pump intake in a pressurized system. Cleaning of pump 
intake screens can be accomplished using fixed spray bar with rotating screen, fixed screen 
with rotating bar, or internal air-burst systems. 

A positive method to reduce fish entry into submerged intake facilities is the velocity 
cap. Figure 4.16 illustrates a horizontal cap on the top of the intake structure, which forces 
all water to enter horizontally. Fish tend to swim against horizontal currents and avoid 
the intake. 

The Clackamas River Waste District (CRW) in Oregon operates a filtration water treat- 
ment plant rated at 30 mgd (114 ML per day). Raw water is supplied to the plant via two 
concrete caisson intake structures in the Clackamas River connected to a raw water pump 
station inland. Original screening consisted of mesh traveling screens located at the pump 
station wet well. CRW modified the intake structures to meet NOAA fisheries guidelines 
set to protect salmonid fish listed under the Endangered Species Act. The modifications 
entailed the installation of 42-in.-diameter (1.07-m) stainless steel T screens on each of 
the intake caissons (Figure 4.17). The intake T screens are over 10 ft (3.0 m) long and 
sized to meet 0.4 ft/s (12.2 cm/s) approach velocity requirements for salmonid fish pro- 
tection, for a flow of 18 mgd (68 ML per day) each. Screen openings are 0.069 in. (1.75 
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FIGURE 4.16 Velocity cap. (Courtesy of USFilter, Envirex Products.) 



4.28 CHAPTER FOUR 

F IGURE 4.17 T screen used to modify intake to improve fish protection. 

mm). A 150-psi (10.2-atm) air-burst cleaning system can be actuated by head loss across 
the screens, timed cycle, or manual operation. 

The Geren Island Treatment Facility serves the city of Salem, Oregon. The intake, 
which is on the North Santiam River, is sized for a maximum flow of 147 mgd (556 ML 
per day). This intake facility, shown in Figure 4.18, conveys flows to the treatment fa- 
cilities and includes a concrete intake structure, trash racks, twelve 36-in. (0.91-m) sluice 
gates, and two 84-in. by 60-in. (2.1-m by 1.5-m) control gates. A fish screening system 
prevents fish from entering the treatment system. The fish screening system consists of 
stainless steel fish screens with 0.069-in. (1.75-mm) slot openings, ultrasonic level sen- 
sors, and an air-burst cleaning system. Design was based on NOAA fisheries screening 
criteria, and meets the criteria with approach velocities of less than 0.4 ft/s (12.2 cm/s) 
and sweep velocities at least equal to the approach velocities. 

Flotation Considerations 

Designing intake facilities requires careful evaluation of uplift forces to ensure that the 
structure is stable over the full range of anticipated water surface elevations. Two general 
methods for resisting uplift forces are deadweight and foundation ties. The most common 
approach to stabilizing uplift forces is to design the structure with enough deadweight to 
resist all possible uplift force. Deadweight can be provided by tying the structure to a con- 
crete mat or by filling cells of the structure with crushed rock or other heavy material. 
Foundation ties or rock anchors drilled into foundation rock are also occasionally used to 
tie down an intake structure. With either method, a safety factor against uplift of at least 
1.2 should be provided. 

Geotechnical Considerations 

Geotechnical investigations must be completed as the first step in designing an intake. In- 
vestigations typically include borings unless adequate data are already available from a 
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previous installation in the same area. During the study phase, geotechnical data permit 
a more accurate comparison of the cost of viable alternatives to identify the most eco- 
nomical solution for the project. Geotechnical investigations should cover a sufficient area 
to account for adjustments in the intake location during final design. The cost of a few 
additional borings during the initial study is much less than the cost of mobilizing a barge 
for additional borings, should they be deemed necessary later in the design. Provisions 
should also be included in construction specifications for diver inspections to verify that 
the subgrades are clean of loose and soft material before the placing of tremie concrete. 

Mechanical Considerations 

The mechanical design for an intake structure includes many of the routine considerations 
found in other, similar structures. Special mechanical design considerations for intakes 
include adequate provisions for ventilation, insects, and flooding impacts. 

Ventilation systems must be designed to accommodate heat generated by electric mo- 
tors, motor control centers, and solar gain. Ventilation systems must also consider odor- 
ous gases that may be present, especially if screening material is temporarily stored in the 
building. With the trend toward more chemical treatment at the intake, ventilation must 
provide airflow required by applicable building codes for each stored chemical system. 
Ventilation of below-grade spaces that may occasionally be occupied for inspection or 
maintenance should also be provided. 

Insects can be a serious problem at some intake sites, and insect screens on the air in- 
take and exhaust louvers are one solution. However, large quantities of insects can block 
these screens, requiring increased maintenance by facility personnel. Another solution is 
to provide air filters with a large surface area on air handling units. Facility personnel 
may prefer the ease of changing a filter to the difficulty of cleaning louver screens. 

Flooding conditions can affect the design of sanitary and storm drainage systems. If 
flooding is expected, backwater or knife gate valves should be provided. 

Chemical Treatment Considerations 

The intake facility provides the first opportunity in a water treatment system to impact, 
remove, or alter contaminants in the source water before subsequent treatment. A num- 
ber of chemical treatment choices that may be provided at the intake should be consid- 
ered during the intake facilities design (Table 4.13). 

TABLE 4.13 Chemical Treatment Alternatives 

Contaminant or criterion Suggested treatment chemical 

Debris and screenings 

Taste and odor 

Coagulation 

Zebra mussels 

No treatment; discharge to water source or landfill 

Chlorine 
Chlorine dioxide 
Potassium permanganate 
Carbon 

Alum or ferric chloride 
Cationic polymer 

Chlorine and other oxidants 
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The choice of chemical treatment to be applied at the intake must be coordinated with 
overall optimization of the water treatment process, including the control of disinfection 
by-product formation. Historically, chlorine has been used as the standard treatment to 
oxidize taste and odor compounds at the intake structure. However, current practice is to 
avoid the early use of chlorine in the treatment process where the level of organics in the 
source water is highest because of the potential for forming chlorinated disinfection by- 
products such as trihalomethanes. Chlorine dioxide, potassium permanganate, and carbon 
are alternatives to chlorine that avoid or minimize the formation of chlorinated disinfec- 
tion by-products. 

RACKS AND SCREENS 

Racks and screens remove suspended particulates from water, including leaves, debris, 
and other sizable clogging material. Racks and screens are essential to providing protec- 
tion for downstream conduits, pumps, and treatment works. Properly designed intake racks 
and screens can also minimize the effect on fish. 

Racks and screens can be divided into two broad categories: coarse screens (racks) 
and fine screens. A summary of characteristics associated with each type is presented in 
Table 4.14. 

Design Considerations 

Head loss through racks and screens is an important consideration to be evaluated as part 
of the design process. Racks and screens should be designed to minimize head loss by 
providing sufficient f low-through area to keep velocities low. The total area of clear open- 
ings in a screen typically ranges between 150% and 200% or more of the area or chan- 
nel protected by the screen. The maximum head loss from clogging should be limited to 
between 2.5 and 5.0 ft (0.76 and 1.52 m), and the screen should be designed to withstand 
the differential hydraulic load. Head loss for mechanically cleaned screens of all types 
can be held nearly constant with proper operator attention. Curves and tables for head loss 
through screening devices are available from equipment manufacturers. 

TABLE 4.14 Rack and Screen Characteristics 

Type Remarks 

Coarse screens (racks) 
Trash racks 

Barracks 

Fine screens 
Traveling water screen 

Basket screen 

Disk or drum screen 

Clear opening 3 4  in. (8-10 cm) 
Inclined or vertical 
Manually or mechanically cleaned 

Clear opening 3,4-3 in. (2-8 cm) 
Inclined or vertical 
Manually or mechanically cleaned 

0.24~).35 in. (6-9 mm) mesh cloth 

1/~_3/~ in. (3-10 mm) most common 

Vertical 
Water spray cleaning 
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FIGURE 4.19 Course bar screen, mechanically cleaned. 

Design of Racks 

Coarse screens (also termed trash racks or bar racks) are commonly located at inlet ports 
to prevent entrance of large objects. Racks are generally constructed of 1/2- to 3A-in.- 
diameter (12.7- to 1.91-mm) metal bars, spaced to provide 1- to 3-in. (25- to 76-mm) 
openings. 

Coarse screens are typically installed vertically or at an incline of about 30 ° from ver- 
tical. Both manual and automatic operation of the cleaning mechanism can be provided. 
Figure 4.19 illustrates one method for providing an economical grating system by mount- 
ing the rake on a traveling rail system so that a single rake can clean several coarse screens. 

Design of Screens 

Fine screens remove material that is too small to be deflected by coarse screens. Water 
velocity in net screen openings should be less than 2.0 ft/s (61 crn/s) at maximum design 
flow and minimum screen submergence. Hydraulically cleaned (backwashed) stationary 
screens have been used successfully at reservoir and river intakes. Numerous variations 
in design involving the use of backwashed, fixed screens have been utilized. It is gener- 
ally recommended that the velocity through stationary screen openings not exceed about 
0.6 ft/s (18 cm/s). 

Traveling water screens are commonly installed after coarse bar screens. Figure 4.20 
illustrates a typical traveling water screen. Screens can be made to any desired opening, 
but IA~ to 3/~ in. (3.18 to 9.53 mm) is the most common size. Operation includes flushing 
from behind the screen with water jets to remove accumulated material from the screen 
and washing it into a disposal trough. Screenings may be returned to the water source or 
disposed of in a landfill, as required. 
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F IGURE 4.20 Traveling water screen. 
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CHAPTER 5 

AERATION AND 
AIR STRIPPING 

John E. Dyksen 
Black & Veatch 

Oradell, New Jersey 

Aeration processes have been used to improve water quality since the earliest days of 
water treatment. In this process, air and water are brought into intimate contact with each 
other to transfer volatile substances to or from the water. Aeration processes generally 
are used in two types of water treatment applications. The first is the removal of a gas 
from water and is classified as desorption, or air stripping. The second is the transfer of 
a gas to water and is called gas absorption, or aeration. The U.S. Environmental Pro- 
tection Agency (USEPA) has identified air stripping as one of the best-available tech- 
nologies for the removal of volatile organic chemicals (VOCs) and radon from contam- 
inated groundwater. 

USES OF AERA TION/AIR STRIPPING 

Principal uses for aeration in water treatment include 

• To reduce the concentration of taste- and odor-causing substances and, to a limited ex- 
tent, for oxidation of organic matter. 

• To remove substances that may in some way interfere with or add to the cost of sub- 
sequent water treatment. A prime example is removal of carbon dioxide from water for 
corrosion control and before lime softening. 

• To add oxygen to water, primarily for oxidation of iron and manganese so that they 
may be removed by further treatment. 

• To add ozone or chlorine gas to the water for oxidation and/or disinfection purposes. 

• To remove gases such as radon, hydrogen sulfide, and methane. 

• To remove ammonia from the water. 

• To remove VOCs considered hazardous to public health. 

5.1 
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TYPES OF AERA TION/AIR STRIPPING EQUIPMENT 

Structures or equipment for aeration or air stripping may be classified into four general 
categories: waterfall aerators, diffusion or bubble aerators, mechanical aerators, and pres- 
sure aerators. 

Waterfall Aeration--Air Stripping 

The waterfall type of aeration equipment utilizes air stripping and accomplishes gas trans- 
fer by causing water to break into drops or thin films, increasing the area of water ex- 
posed to air. The more common types are 

• Spray aerators 

• Multiple-tray aerators 

• Cascade aerators 

• Cone aerators 

• Packed columns 

Spray Aerators. Spray aerators direct water upward, vertically or at an inclined angle 
in a manner that causes water to be broken into small drops. Installations commonly con- 
sist of fixed nozzles or a pipe grid located over an open-top tank. 

Spray aerators are usually efficient with respect to gas transfer such as carbon diox- 
ide removal or oxygen addition. However, they require a large installation area, are dif- 
ficult to house, and pose operating problems during freezing weather. To be most effec- 
tive, spray aerators need a supplemental air exchange to minimize the buildup of 
contaminants in the air phase. 

Multiple.Tray Aerators. Multiple-tray aerators consist of a series of trays equipped with 
slatted, perforated, or wire-mesh bottoms. Water is distributed at the top, cascades from 
each tray, and is collected in a basin at the base. It is important to have even distribution 
of water from the trays to obtain optimum unit efficiency. Coarse media such as coke, 
stone, or ceramic balls ranging in size from 2 to 6 in. (5 to 15 cm) are used in many tray 
aerators to improve the efficiency of gas exchange and to take advantage of the catalytic 
effects of deposited manganese oxides. 

A type of multiple-tray aerator, the crossflow tower, has been extensively used in wa- 
ter cooling applications. Water is allowed to fall over the tray area while air is either 
forced or induced to flow across the slats, perpendicular to the water path. Tray aerators 
are analogous to cooling towers, and the problems encountered in design and operation 
are similar. Tray aerators must be provided with adequate ventilation. If they are placed 
in a poorly ventilated building, performance will be impaired by contamination of inlet 
air with the compounds being removed. 

Artificial ventilation is provided to some types of tray aerators by supplying air from 
a blower at the bottom of the enclosure. These aerators exhibit excellent oxygen absorp- 
tion and carbon dioxide, ammonia, and hydrogen sulfide removal. 

Cascade Aerators. With cascade aerators, increases in exposure time and area-volume 
ratio are obtained by allowing water to flow downward over a series of steps or baffles. 
The simplest cascade aerator is a concrete step structure that allows water to fall in thin 
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F IGURE 5.1 View of a typical cone aerator. (Courtesy ofOndeo Degremont.) 

layers from one level to another. The exposure time of air to water can be increased by 
increasing the number of steps, and the area-volume ratio can be improved by adding baf- 
fles to produce turbulence. In cold climates, these aerators must be housed, and adequate 
provisions must be made for ventilation. As with tray aerators, operating problems in- 
clude corrosion and slime and algae buildup. 

Cone Aerators. Cone aerators are similar to cascade aerators. They have several stacked 
pans arranged so that water fills the top pan and cascades down to each succeeding pan. 
A common type of commercial cone aerator is shown in Figure 5.1. 

Packed Columns. Packed columns (also called packed towers or air strippers) are used 
extensively in the chemical industry and have been used in the water industry primarily 
for removal of volatile compounds such as VOCs from contaminated water. The extremely 
large surface area provided by packing in a column, combined with forced air flowing 
counter to the flow of water, provides considerably more liquid-gas transfer compared 
with other air stripping methods. A packed column consists principally of a cylindrical 
tower, packing material contained in the tower, and a centrifugal blower. 

The quantity of air provided in relation to the quantity of water flowing through the 
column is known as the air-to-water ratio. This ratio is important in designing for removal 
of VOCs, as is the height of the packing material. A packed column installation is shown 
in Figure 5.2. 
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FIGURE 5.2 View of a packed column installation. (Source: U.S. Environmental Pro- 
tection Agency.) 

Diffusion-Type Aeration 

Diffusion- or bubble-type aerators accomplish gas transfer by discharging bubbles of air 
into water by means of air injection devices. Compared with packed columns, diffused 
aeration provides less interfacial area for mass transfer but greater liquid contact time. On 
the other hand, packed columns provide a greater effective area but lower liquid contact 
time. 
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Diffuser Aerators. The most common type of equipment for diffusion aeration consists 
of rectangular concrete tanks in which perforated pipes, porous diffuser tubes or plates, 
or other impingement devices are inserted. Compressed air is injected through the system 
to produce fine bubbles, which, on rising through the water, produce turbulence resulting 
in effective water-air mixing. 

This type of aeration technique is often adapted to existing storage tanks and basins. 
If porous tubes or perforated pipes are used, they may be suspended at about one-half 
tank depth to reduce compression head. Porous plates are usually located on the bottom 
of the tank. Static tube aerators are also used in a variety of applications and provide ad- 
equate aeration when properly designed. 

A relatively new type of diffused aeration equipment is the low-profile system, which 
is a multistage, diffused bubble air stripping device. The device differs from conventional 
systems in that it operates with a water depth of about 18 to 36 in. (46 to 92 cm) com- 
pared with 10 ft (3 m) or greater for conventional installations. Shallow water depth per- 
mits the use of regenerative or centrifugal blowers instead of compressors and reduces 
overall height of the device to less than 4 to 5 ft. 

In this system, water flows by gravity through a series of completely mixed staged re- 
actors. Individual modules are designed and fabricated to include three, four, six, or eight 
stages, depending on the level of treatment required. Each stage is separated by a baffle 
wall and includes separate diffuser heads. Air is blown into each stage, creating a turbu- 
lent mixture of diffused bubbles and water to provide efficient mass transfer. A schematic 
of a typical device of this type is shown in Figure 5.3. 

Individual modules are designed to treat water at flow rates ranging from 1 to 1,000 
gpm (0.06 to 63 L/s). Modules used in parallel can treat water at higher flow rates. This 
system also removes carbon dioxide, VOCs, gasoline components, hydrogen sulfide, 
methane, and radon from contaminated groundwater and is particularly applicable to small 
water systems with low flow rates. Two drawings of low-profile systems are shown in 
Figure 5.4. 
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FIGURE 5.3 Schematic of a flow-through low-profile aeration system. (Courtesy of Lowry Aeration 
Systems.) 
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FIGURE 5.4 Two types of low-profile systems: (a) three-stage; (b) four-stage. (Courtesy of Lowry Aer- 
ation Systems.) 
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Draft-Tube Aerators. A draft-tube aerator consists of a submersible pump that rests on 
the bottom of a basin and is equipped with an air intake pipe extending to above the wa- 
ter surface. The partial vacuum created by the pump pulls air through the tube and mixes 
it with water at the pump intake. Aerated water is then directed outward along the floor 
of the basin. This type of aeration is an inexpensive and relatively effective means of 
adding aeration to an existing basin. 

In-Well Aeration. A variation of diffused aeration to remove VOCs from groundwater 
supplies is in-well aeration. This technique has been investigated by the North Penn Wa- 
ter Authority, a public water utility located in Lansdale, Pennsylvania. The Authority re- 
ceived a grant from the AWWA Research Foundation to conduct detailed tests on the fea- 
sibility of in-well aeration. 

Aside from obvious advantages of this type of treatment system, several disadvantages 
exist. One disadvantage is the dissolution of large quantities of air into water, causing wa- 
ter to appear milky. For practical use of this type of aeration system, water needs some 
atmospheric contact time to allow the milky appearance to disappear before it is pumped 
into the distribution system. The study found this treatment method to have relatively low 
efficiency. 

Mechanical Aeration 

Mechanical aerators employ motor-driven impellers alone or in combination with air in- 
jection devices. 

Surface Aerators. Mechanical surface aerators are used extensively in wastewater ap- 
plications for supplying oxygen to water. To a lesser extent, they are used to control taste 
and odor problems in water treatment and are commonly installed at a reservoir rather 
than at the treatment plant. They generally consist of an electric motor suspended on a 
float, with a driveshaft operating a propeller located a short distance below the water sur- 
face. The water is drawn up by the blade and thrown into the air in tiny droplets so that 
the water can pick up oxygen. 

A variation in design is the surface aerator equipped with a draft tube extending be- 
low the propeller. With this design, water is drawn up from near the bottom of deeper 
basins. 

Submerged Aerators. Submerged aerators operate in the reverse of surface aerators. The 
submerged blade draws water downward and, in the process, draws in air, which is dif- 
fused into the water. This type of aerator results in relatively calm water at the surface 
compared with surface aerators. Submerged aerators are best used for increasing dissolved 
oxygen levels. 

Pressure Aerat ion 

There are two basic types of pressure aerators, and the object of both is to aerate water 
that is under pressure. In one type, water is sprayed into the top of a closed tank while 
the tank is continuously supplied with compressed air. Aerated water leaves at the bot- 
tom of the tank. In the second type of pressure aerator, compressed air is injected directly 
into a pressurized pipeline and adds fine air bubbles to the flowing water. 

With both systems, the higher the pressure used, the more oxygen dissolves into the 
water. Pressure aerators are primarily used for oxidizing iron and manganese for subse- 
quent removal by settling, filtration, or both. 
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PRINCIPLES OF AIR STRIPPING AND AERATION 

Transfer by aeration of a volatile material to or from water depends on a number of fac- 
tors, including 

• Characteristics of the volatile material 

• Water and surrounding air temperatures 

• Gas-transfer resistance 

• Partial pressure of the gases in the aerator atmosphere 

• Turbulence in gaseous and liquid phases 

• Area-to-volume ratio 

• Time of exposure 

Equilibrium Conditions 

The term equilibrium applied to gases dissolved in water signifies a steady-state concen- 
tration of dissolved substances. Aeration promotes the establishment of equilibrium be- 
tween dissolved, volatile constituents in the water and the constituents in the air to which 
the water is exposed. For example, when water is exposed to air, oxygen and nitrogen 
dissolve in the water until a state of equilibrium is reached. The function of aeration is to 
speed up this natural process. True equilibrium may not be attained by aeration unless the 
air-water exposure period is relatively long. From a practical standpoint, however, it is 
generally not necessary to achieve absolute equilibrium. 

Saturation Value 

The concentration of a gas dissolved in a liquid at equilibrium is known as its saturation 
value. This value is an important characteristic of a dissolved gas. Saturation value is prin- 
cipally dependent on water temperature, partial pressure of the gas in the atmosphere in 
contact with the water, and presence of dissolved solids. The higher the partial pressure, 
the greater the dissolved gas concentration. This relationship is known as Henry's law. 
At a fixed partial pressure, the higher the temperature, the lower the solubility or satura- 
tion value of a gas. Gas solubility is also reduced by dissolved solids. 

Saturation value has considerable practical and theoretical significance. It is the dif- 
ference between the saturation value of a gas and its actual concentration in the water that 
provides the driving force for the interchange of gas between air and water. Water defi- 
cient in oxygen will absorb it when brought into contact with air, and the air-water equi- 
librium will be reached from the direction of oxygen deficiency. Prolonged aeration 
produces oxygen saturation. 

On the other hand, if water contains more oxygen or, as is more commonly encoun- 
tered, more carbon dioxide than the saturation amount, air stripping brings about release 
of the gas. In this instance, equilibrium is approached from the direction of supersatura- 
tion. The final result of prolonged air stripping, however, is the same--saturation. 

Rate of Achievement 

Equilibrium conditions are important in the aeration process, but of even greater signifi- 
cance to the design engineer is the rate of achievement of equilibrium. Equilibrium and 
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rate of approach to it are not independent of each other. Under similar conditions, the fur- 
ther the air-water system is from equilibrium, the more rapid the interchange of gas in the 
direction of attaining equilibrium. 

Significance of Films 

Films at the air-water interface appear to have an important bearing on the rate of gas 
transfer. Both liquid and gas films can retard the rate of exchange of volatile material, but 
the liquid film is a more important factor in the transfer of gases of low solubility, such 
as oxygen and carbon dioxide. 

Film resistance is influenced by many factors, but the most important are turbulence 
and temperature. High temperature and turbulence promote gas transfer by reducing film 
thickness. Increased temperature also increases the rate of molecular diffusion. 

Rate of Transfer 

The rate of transfer of a volatile substance from water to air is generally proportional to 
the difference between the existing concentration and the equilibrium concentration of the 
substance in solution. The relationship is expressed as follows: 

M = KLa (Ci* - Di) 

where M = mass of substance transferred per unit of time per unit of volume (lb/h)/ft 3 
[(kg/h)/m 31 

KL = overall liquid mass-transfer coefficient, ft/h (m/h) 
a = effective area for mass transfer, ft2/ft 3 (m2/m 3) 

C/* = liquid-phase concentration in equilibrium with gas-phase concentration, 
lb/ft 3 (kg/m 3) 

D i = bulkhead liquid-phase concentration, lb/ft 3 (kg/m 3) 

The driving force for mass transfer is the difference between actual conditions in the 
air stripping unit and conditions associated with equilibrium between the gas and liquid 
phases. Equilibrium concentration of a solute in air is directly proportional to the con- 
centration of the solute in water at a given temperature. 

Henry's law states that the amount of gas that dissolves in a given quantity of liquid, 
at constant temperature and total pressure, is directly proportional to the partial pressure 
of the gas above the solution. Thus Henry's law constant can be considered a partition 
coefficient describing the relative tendency for a compound to separate, or partition, be- 
tween the gas and the liquid of equilibrium; it indicates a contaminant's volatility and its 
affinity for the aeration process. Substances with high Henry's law constants are easily 
removed by air stripping, and those with low constants are difficult to remove. Table 5.1 
lists the Henry's law constants for several compounds. Vinyl chloride has an extremely 
high constant relative to the other VOCs. 

The mass-transfer coefficient KL is a function of the compound being stripped from 
water, the geometry and physical characteristics of the air stripping system, and the tem- 
perature and flow rate (contact time) for the liquid. It also incorporates the diffusion re- 
sistance to mass transfer in both liquid and gas phases and is related to local gas- and 
liquid-phase mass-transfer coefficients kg and kz, respectively. 

For most stripping applications in water treatment, the bulk of resistance to mass trans- 
fer resides in the liquid phase. As a result, air stripping process design should be based 
on maximizing the liquid mass-transfer coefficient. 
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TABLE 5.1 Henry's Law Constants for Selected Compounds 

Henry's 
Compound Formula constant atm a,d 

Vinyl chloride CH2CHCI 3.55 X l0 s 

Oxygen 02 4.3 × 104 

Toxaphene b CloH10C18 c 3.5 × 103 

Carbon dioxide CO2 1.51 × 103 

Carbon tetrachloride b CC14 1.29 × 103 

Tetrachloroethylene b C2C14 1.1 X 103 

Trichloroethylene b CHCICC12 5.5 × 102 

Hydrogen sulfide H2S 5.15 × 102 

Chloromethane b CH3C1 4.8 × 102 

l, l , l-Trichloroethane b CCH3CI3 4.0 × 102 

Toluene b C6H5CH3 3.4 × 102 (at 25 ° C) 

Benzene b C6H6 2.4 × 102 

Chloroform b CHCI3 1.7 × 102 

Bromodichloromethane CHCI2Br 1.18 × 102e 

1,2-Dichloroethane b CH2C1CHzC1 61 

Dibromochloromethane CHC1Br2 47 f 

Bromoform b CHBr3 35 

Methyl tertiary butyl ether CsHI20 22 g 

Ammonia NH3 0.76 

Pentachlorophenal b C6(OH)CI5 0.12 

Dieldrin b C 12H i oOC16 0.0094 

aTemperature 20 ° C except where noted otherwise. 
bComputed from water solubility data and partial pressure of pure liquid at specified temperature. 
CSynthetic; approximate chemical formula. 
dKavanaugh and Trussell, 1980, except where otherwise noted. 
eWarner, Cohen, and Ireland, 1980. 
fSymons et al., 1981. 
gZorgorski et al., 1996. 

The effect ive area a represents the total surface area created in the air str ipping unit  by 
producing numerous  f ine water droplets or by fo rming minute  gas bubbles.  The effect ive 
area is a funct ion o f  air str ipping equipment .  In terms o f  effect ive area, an op t imum treat- 
ment  sys tem is one that includes a h igh  surface area for mass  transfer per unit volume. 

The mass- t rans fe r  coeff ic ient  KL and the ef fect ive area for mass  t ransfer  a are usual ly  
evaluated as one constant,  KLa. 

DESIGN OF AEFIA TION/AIFI STRIPPING PROCESSES 

Air  str ipping equ ipment  des ign has been deve loped extens ive ly  in the chemica l  industry 
for handl ing concentrated organic solut ions. Procedures found in the chemica l  engineer-  
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ing literature can be applied to water treatment for trace organics removal. Based on prin- 
ciples described in the last section, the design of an air stripping installation is primarily 
dependent on the following factors: 

• Temperature of the water and the surrounding air 

• Physical and chemical characteristics of the contaminant to be removed 

• The ratio of air to water being provided in the process 

• Contact time between the air and water 

• The water surface area available for mass transfer 

The first two factors are fixed by source water quality and location of the installation. 
The other factors can be varied with the type of aeration equipment used. For all aeration 
and air stripping equipment, the water exiting the treatment equipment must be disinfected 
before the water is pumped to the distribution system. 

Design of Diffused Air Equipment 

When diffused aeration is employed, air stripping is accomplished by injecting bubbles 
of air into the water. Ideally, diffused aeration is conducted counter to the flow of water. 
Untreated water should be entering at the top and treated water exiting at the bottom while 
fresh air enters at the bottom and exhausted air exits at the water surface. Gas transfer 
can be improved by increasing the basin depth, producing smaller bubbles, improving the 
contact basin geometry, and incorporating a turbine to produce smaller bubbles and in- 
crease bubble holdup. 

Diffused air aerators usually provide a longer aeration time than waterfall aerators, 
generally an advantage, but other factors influencing performance are the turbulence pro- 
vided, air-volume ratio, and gas-transfer resistance. Because of these factors, comparison 
between the two types of equipment cannot be made solely on the basis of aeration con- 
tact time. 

Basin Design. Tanks used for the diffused air process are usually made of concrete and 
are commonly 9 to 15 ft (3 to 5 m) deep and 10 to 30 ft (3 to 9 m) wide. The ratio of 
width to depth should not exceed 2, to achieve optimum mixing. Tank length is governed 
by the desired detention time, which usually varies from 10 to 30 min. Air diffusers are 
generally mounted along one side of the tank to impart a spiral flow to the water. A spi- 
ral flow pattern produces higher water surface velocities, which in turn promotes better 
gas transfer. In addition, with a spiral flow, a substantial number of bubbles do not es- 
cape immediately, but are carried across the basin where they are held in a more or less 
fixed position by the descending water. 

Diffusers. Common types of diffusers are perforated pipes, porous plates or tubes, and 
various patented impingement or sparger devices. Compressed air is generally furnished 
by a rotary compressor sized to produce the correct volume and pressure. Diffusers pro- 
duce small bubbles that rise through the water and cause turbulence and the opportunity 
for the exchange of volatile materials. 

Diffusers are generally located near middepth in the tank, usually about the optimum 
efficiency point. Deeper location of the diffusers requires greater pressure head, which in- 
creases compressor power costs. The amount of air required ranges from 0.01 to 0.15 
ft3/gal (0.0008 to 0.012 m3/L) of water treated. Sufficient diffuser capacity must be pro- 
vided to supply air at the required rate without excessive pressure loss. Some installations 
include lateral baffles to prevent short-circuiting. 
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Air pressure requirements depend on submerging diffusers and friction loss through 
piping. Power requirements vary from 0.5 to 2.0 kW/mgd (0.00013 to 0.00053 kW/m 2 
per day), with the average about 1.0 kW/mgd (0.00026 kW/m 2 per day). When porous 
plates or tubes are used, air should be filtered to avoid clogging of the diffusers. "Oil- 
free" compressors should be used to avoid contamination of the air. 

Diffuser-type aerators require less space than spray aerators and generally more than 
tray aerators. They have practically no head loss through diffusion units, and this is usu- 
ally an important aspect in overall plant design. Aeration units have few cold weather op- 
erating problems, and in moderate climates there is no need to house them. In some in- 
stances, diffusion aeration basins are used to provide chemical mixing. 

Design of Spray Aerators 

Exposure time for each drop from a spray aerator depends on its initial velocity and tra- 
jectory. Drop size, and the resulting area-volume ratio, is a function of the dispersing ac- 
tion of the nozzle. The initial velocity V of a drop emerging from an orifice or nozzle ap- 
pears in the formula 

V = Cv ~ /2gh  

O = " gg 

where h = total head on nozzles, ft 
g = acceleration from gravity, ft/s 2 
A = area of opening, ft 2 

Cv = coefficient of velocity 
Cd = coefficient of discharge (Ca = CvCc, where Cc is coefficient of contraction) 

Coefficients of velocity, contraction, and discharge vary with the shape and other char- 
acteristics of the orifice or nozzle. 

The trajectory of the spray used in an aerator may be vertical or inclined. If the angle 
between the initial velocity vector and horizontal is zero, theoretical exposure time t of 
the water drops is given by the formula 

t = 2Cv sin 0 k /2  h 

The sine of an angle of less than 90 ° is less than 1.0, so a vertical jet gives the longest 
exposure time for a given value of h. But an inclined jet has the advantage of a longer 
path and less interference between falling drops. Wind also influences the path of the ris- 
ing and falling drops, so an allowance must be made for its action. 

Nozzle design is important in achieving optimum dispersion of water. Among special 
designs used are rifled nozzles, centrifugal (West Palm Beach) nozzles, Sacramento float- 
ing cones, impinging devices, and rotating reaction nozzles. 

The size, number, and spacing of spray nozzles depend on the head of water being 
used, space available for aeration facilities, and interference between adjacent sprays. The- 
oretically, numerous small nozzles capable of producing atomized water would be the 
most efficient design. However, from a practical standpoint, very small nozzles should be 
avoided because of clogging and high maintenance requirements. Nozzles used in most 
spray aerators are 1.0 to 1.5 in. (2.5 to 3.8 cm) in diameter and have discharge ratings of 

and the discharge by the equation 
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75 to 150 gpm (4.73 to 9.46 L/s) at about 10 psi (69 kPa). Nozzle spacing in most in- 
stallations is between every 2 and 12 ft (0.6 and 3.7 m). The area allocated to spray aer- 
ation varies from 50 to 150 ft2/mgd [ 106 to 318 m2/(m3/s)] capacity, although much larger 
areas have been used at some treatment facilities. 

Because interior and exterior corrosion can be serious problems in aerator piping, cor- 
rosion-resistant materials should be used wherever possible. 

Spray aerators providing a high area-to-volume ratio are spectacular to see. They are 
rarely housed, so ventilation presents no problem. Gas transfer between water drops and 
air proceeds rapidly, and spray-type aerators usually have a relatively high efficiency. In 
general, spray aerators remove more than 70% of dissolved carbon dioxide, and removals 
as high as 90% have been documented. Disadvantages of spray aerators are principally 
the relatively large space requirements, freezing problems in colder climates, short expo- 
sure time between water and air, and high head requirements. 

Design of Multiple-Tray Aerators 

Multiple-tray aerators are generally constructed with three to nine trays and a spacing of 
12 to 30 in. (30 to 76 cm) between trays. Space required for an aeration unit ranges from 
about 25 to 75 ft2/mgd (2 to 6 m2/ML per day) capacity, with 50 ft2/mgd (4 m2/ML per 
day) being about average. Water application rates range from roughly 20 to 30 gpm/ft 2 
[17 to 20 (L/s)/m2], These aerators have excellent oxygen adsorption and carbon dioxide 
removal capacities. 

Ventilation Requirements. Tray aerators are, in many respects, analogous to cooling 
towers, and the design is similar. Ventilation and water distribution must be carefully con- 
sidered in connection with location and design. 

Multiple-tray aerators are usually housed, particularly in colder climates. A good ex- 
ample of an enclosed but well-ventilated installation is the Allen substation aerator at 
Memphis, Tennessee. Aluminum scroll panels are used to promote good cross-ventila- 
tion, and the roof is open except directly over the distributing trays. Carbon dioxide con- 
centration in the source water exceeds 90 mg/L, and this aerator has consistently produced 
a 90% or greater reduction. 

If a tray aerator must be enclosed and there is not sufficient natural ventilation, artifi- 
cial ventilation must be provided. This is usually accomplished by supplying air with a 
blower at the bottom of the aerator so that it travels counter to water flow. 

Important design considerations in designing tray aerators are the use of corrosion- 
resistant materials and methods of dealing with slime and algal growths. Aeration units 
are generally constructed using concrete, stainless steel, aluminum, and rot-resistant wood. 
Slime and algal growths may be controlled by treating the source water with chlorine or 
copper sulfate. 

Carbon Dioxide Removal. Carbon dioxide removal by multiple-tray aerators can be ap- 
proximated by the following empirical equation, developed by Scott (1955): 

Cn = CclO -kn 

where Cn = concentration of carbon dioxide after passing through n trays, mg/L 
Cc = concentration determined originally in distribution tray 
n = number of trays including distribution tray 
k = coefficient dependent on ventilation, temperature, turbulence, and other 

characteristics of installation; generally ranges from 0.12 to 0.16 
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Design of Packed Columns 

The rate at which a volatile compound is removed by air stripping in packed tower aer- 
ation (PTA) depends on the following factors: 

• Air-to-water ratio (A/W ratio) 

• Height of packing in the column 

• Available surface area for mass transfer 

• Water loading rate 

• Air and water temperatures 

• Physical chemistry of the contaminants to be removed 

The first four factors may be controlled in the design of an air stripping unit. 

Airflow and Water Flow Requirements. Airflow required for a packed column depends 
on the Henry's law coefficient for the compounds to be removed from the water. Pack- 
ing height is a function of the required VOC removal efficiency. In general, an increase 
in packing height results in higher VOC removal. 

The air-to-water ratio used in a column is a function of water temperature and de- 
sired level of contaminant removal. This ratio determines the size of the blower, the pri- 
mary component of operating costs for PTA systems. Air-to-water ratios typically range 
from 30 : 1 to 100 : 1. The water loading rate-- the amount of water passing through the 
column--usual ly ranges from 25 to 30 gpm/ft 2 [17 to 20 (L/s)/m2]. Compounds that are 
more difficult to remove, such as methyl tertiary butyl ether (M'IIBE), require higher air- 
to-water ratios (150:1  or greater) and are generally designed at lower liquid loading 
rates (15 to 17 gprn/ft 2) to minimize air pressure drop and reduce blower energy re- 
quirements. Column diameter is selected to accommodate the desired water loading on 
the column. 

Packed column aeration removal effectiveness usually increases with an increase in 
water temperature, but it has been found that heating the influent water to increase re- 
moval effectiveness is not generally cost-effective. 

Column Design. The relationship between packing height and column performance is 
derived from the basic mass-transfer relationship. In the following formula, packing height 
Z, in feet, is related to the height of a transfer unit (HTU) in feet, and the number of trans- 
fer units (NTU): 

Z = (HTU)(NTU) 

The HTU is a function of the liquid loading rate and KLa. This relationship is ex- 
pressed in the following equation: 

L 
HTU - 

KLaCo 

where L = liquid flow, (lb mol/h)/ft 2 [(g mol/h)/m 2] and Co = molar density of water, 
lb mol/ft 3 (g mol/m3). 

The number of transfer units is a function of column performance and the substance 
to be removed. This relationship is expressed as 

NTU = R1 In (Xi]Xo)(RI - 1) + 1 
R1 - 1 R1 
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where Xi/Xo = ratio of influent to effluent liquid-phase concentration 
R] = dimensionless stripping factor 

_ (H)(G) where G is gas flow, (lb mol/h)/ft 2 [(g mol/h)/m 2] 
(p,)(L) 

The ability of a particular VOC to be stripped may be determined from Henry's law 
constant. The higher the constant, the more easily the VOC is removed by air stripping. 
The effect that the type of compound to be removed has on packing depth and air-to- 
water ratio is shown in Figure 5.5. An air-to-water ratio of about 20 : 1 is required to 
achieve 95% removal of trichloroethylene (TCE) with 15 ft (4.6 m) of packing medium 
that is 1 in. (2.5 cm) in diameter. For 95% removal of a less volatile compound such as 
1,2-dichloroethane, an air-to-water ratio of about 120 : 1 is required for a column with the 
same size and depth of packing. 

Desired removal efficiency also affects the design of a packed column. Figure 5.6 il- 
lustrates the relationship between air-to-water ratio and packing depth to achieve various 
efficiencies for TCE removal. About 6 ft (2 m) of 1-in. (2.5-cm) packing medium is re- 
quired to achieve 80% removal of TCE with an air-to-water ratio of 20 : 1. To achieve 
99% removal with the same packing and air-to-water ratio, about 20 ft (6.1 m) of pack- 
ing would be required. 

Water temperature must also be considered in designing a packed column. Most 
groundwater supplies have a water temperature of about 55 ° F (13 ° C). However, water 
temperature may be as low as 45 ° F (6 ° C) in northern regions and as high as 75 ° F (24 ° 
C) in some warm regions: The relationship between water temperature and removal effi- 
ciency is illustrated in Figure 5.7. 

Design Considerations. A diagram of a typical packed column installation is shown in 
Figure 5.8. In an installation to treat groundwater, the water is generally pumped directly 
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from the wells to the top of the column. Treated water is collected at the bottom of the 
column in a clearwell, from which it is usually pumped directly to the distribution sys- 
tem. The principal facility elements of a packed column include the following: 

• Column and internal parts 

• Packing material 

• Blower 

• Clearwell 

• Booster pumps 

The column is basically a tank usually constructed from fiberglass-reinforced plastic, 
aluminum, stainless steel, or concrete. Where stainless steel is used, chlorination of the 
incoming water should be avoided because of the aggressive nature of chlorinated, aer- 
ated water on stainless steel. 

A demister is usually installed at the top of the tank to prevent objectionable clouds 
of moisture from coming off the column. Near the top of the column, piping is installed 
to distribute influent water evenly over the top of the packing material. 
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As water flows downward through the packing, it tends to migrate to the column wall, 
and redistributors are installed at intervals to support the packing material and redirect the 
water back toward the center of the column. Four commonly used distributor styles are 
the orifice plate and the trough (see Figure 5.9), orifice headers, and spray nozzles. 

Packing. Packing materials are designed to simultaneously provide a low pressure drop 
for air passing through the column and maximum air-water contact area. Packing pieces 
for "dumped packing" are randomly dumped into the column. They are available in var- 
ious shapes of ceramic, stainless steel, and plastic materials. Plastic is most commonly 
used in water treatment applications because it is durable, lightweight, and cost-effective. 
Some common shapes are illustrated in Figure 5.10. 

Fixed packing comes in prefabricated sheets mounted at intervals inside the column. 
Although the initial cost is higher for this type of packing, manufacturers claim higher 
transfer efficiency. 

Liquid Distribution. After the packing material, the distribution of the water over the 
packing material is the next most important design consideration for a packed column. 
Proper liquid distribution typically determines the successful operation of the packed col- 
umn. Inadequate liquid distribution can be caused by improper design of the distribution 
tray or plate, or insufficient sealing between the distribution plate and the walls of the 
column. The result can be short-circuiting of the incoming water down the sides of the 
column and consequently reduced contact between the air and water. The distribution plate 
must be designed to provide even distribution of the water under all flow conditions. Some 
packed columns have been designed using spray nozzles for liquid distribution to over- 
come this potential problem. Also, wall wipers or redistribution rings have been used to 
reduce the effects of short-circuiting. 

Air Blower. Airflow is provided at the base of the column by a centrifugal blower driven 
by an electric motor. Small towers are designed with blowers requiring a motor as small 
as 5 hp (3,700 W), but much larger blowers are required for larger units and when a high 
air-to-water ratio is required. Care must be taken in providing screens and locating the air 
inlet to prevent insects and airborne contaminants from being blown into the column. In 
some instances, clogging of the air inlet screens has caused a reduction in the air-to- 
water ratio and a resultant reduction in the treatment efficiency. Screens must be checked 
regularly or designed with pressure drop indicators to sense a drop in airflow through the 
intake. 

Site Considerations. In general, water temperature in the column stays close to the tem- 
perature of the influent water. It has been demonstrated in several installations that there 
is no danger of freezing even under air temperatures well below freezing. However, in 
very. cold conditions, this assumption should be confirmed. In cold climates, blowers and 
pumping equipment are usually housed for protection from ice and snow. Housing this 
equipment also provides increased security, reduced noise, and reduced maintenance. 

Site considerations include zoning restrictions, height restrictions, and noise restric- 
tions. There are instances where residents have opposed installation of a column in a res- 
idential neighborhood because of potential noise, visual impact of the relatively tall tower, 
and the perceived inhalation danger of the off-gas. Where there is public opposition to in- 
stallation of a column, other means of treatment may have to be considered, or the source 
water may have to be piped to a more remote location for treatment. 
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FIGURE 5.10 Some common shapes of plastic packing. (Source: U.S. Environmental Protection Agency.) 

Exhaust Emission Considerations. The emission of contaminated exhaust air from 
packed column air stripping systems creates potential air quality problems. The transfer 
of VOCs from water to air might be a concern depending on site or local regulations, type 
of VOC, proximity to human habitation, exposure of treatment plant workers, local air 
quality, local meteorological conditions, daily quantity of water to be processed, and the 
contamination level. Also, sulfur compounds in the raw water can result in odor problems 
in the vicinity of a packed column. 

The emission rate must be evaluated in the context of applicable air quality regula- 
tions and other site-specific factors. Air emission regulations are expressed in terms of 
permissible emission rates (lb/day or lb/h) or projected ground level concentrations 
(mg/m3). If the treatment plant's emission rate is unacceptable, the column or plant pro- 
cess may be changed to bring the installation into compliance. Treatment options cur- 
rently available to remove organics from off-gas include 

• Packed column design modification 

• Thermal incineration of the gas 

• Catalytic incineration of the gas 

• Ozone destruction 

• Vapor-phase carbon adsorption 

The least costly method of achieving compliance with air regulations is usually to mod- 
ify the packed column design to dilute the emissions. Possible modifications include in- 
creasing the tower height, airflow rate, and exhaust gas velocity. If these steps are insuf- 
ficient to achieve compliance, a vapor-phase treatment component may be required. 

Thermal incineration of packed column off-gas has the disadvantage of high energy 
requirements. Catalytic incineration has lower temperature requirements but is currently 
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not effective for removing low levels of chlorinated organics. Similarly, ozone destruc- 
tion may not be cost-effective at this time. 

Granular activated carbon (GAC) adsorption is generally the most cost-effective 
method to remove low-level organics from packed column exhaust air. Vapor-phase ad- 
sorption is attractive because the vapor-phase mass-transfer zone (MTZ) is much shorter 
than the liquid-phase MTZ, and the cross-sectional area requirement of the fixed bed is 
much smaller. Activated carbon usage is also less than that for liquid phase. A schematic 
of a vapor-phase GAC system is illustrated in Figure 5. l 1. 

In operating a vapor-phase GAC system, the relative humidity of the off-gas should 
be reduced to prevent condensation of water vapor in the activated carbon pores by heat- 
ing the air before it enters the GAC contactor. The competition of water vapor adsorption 
and gas-phase VOC adsorption onto GAC is minimized at an off-gas relative humidity of 
40% to 50%. 

Predicting contaminant breakthrough is a major concern with vapor-phase GAC sys- 
tems because of the reliability of methods of estimating the vapor-phase GAC bed life. 
Possible approaches include monitoring GAC effluent air quality either continuously 
or intermittently, using a mass balance around the contactor, or combining these two 
approaches. 

For example, a GAC bed from a pilot plant in Wausua, Wisconsin, treating off-gas 
containing TCE and PCE was regenerated with steam 3 times. The TCE capacity de- 
creased from 80% to 60% of the initial capacity over the three cycles. This lessening in 
TCE capacity with successive adsorption/regeneration cycles was due to PCE buildup on 
the GAC. The PCE was not removed effectively under the existing regeneration condi- 
tions (100 ° C, 1 atm). Use of the equilibrium model indicated that regeneration with sat- 
urated steam 50 ° C above the boiling point of PCE (121 ° C) could improve PCE removal. 

When one is considering installing a stripping column, as a first step, state and local 
officials should be contacted for information on air quality requirements. 

Fouling of Packing. Packed column design must consider the possibility of scaling and 
fouling of the packing. Some installations experience few problems, but others have se- 
rious problems. Three main causes of fouling are carbonate scaling, iron oxidation, and 
microbial action. Fouling gradually causes a decrease in airflow through the column and 
if not corrected, can seriously reduce the column's performance. 
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Carbonate scaling of packing becomes a problem when influent water has a relatively 
high calcium carbonate hardness. Deposition occurs primarily because of pressure changes 
and a rise in the water's pH as CO2 is released from the water. Carbonate scale deposits 
usually are a brittle, cementlike scale. 

Ferrous iron in groundwater, another source of scaling, oxidizes easily in the presence 
of oxygen to form insoluble ferric compounds. The result is primarily iron hydroxide, 
which accumulates on the packing as a rust- or black-colored gel. 

Microbial fouling is, in most cases, primarily from the presence of iron bacteria. Iron 
bacteria generally thrive in a dark environment, under aerobic conditions, and at temper- 
atures between 40 ° and 70 ° F (4 ° and 21 ° C). These organisms derive energy from the 
oxidation of iron from the ferrous to ferric form. Some of the more common species 
of iron bacteria found in groundwater are Gallionella, Crenothrix, Leptothrix, and 
Sphaerotilus. Colonies of the bacteria can grow on the packing media, forming a slimy 
material that, i f  not controlled, can completely fill all void spaces in the packing. 

One method of controlling fouling involves pretreating water with chlorine or per- 
manganate and then filtering to remove oxidized solids. Another pretreatment method is 
to add chelating agents to inhibit formation of oxidation products. In any event, if the in- 
fluent water has a high potential for fouling, the plant must provide facilities and a reg- 
ular schedule of periodic cleaning of the buildup. Cleaning consists of circulating strong 
chlorine or acid solutions through the media. 

PILOT TESTING 

Pilot plant air stripping studies are usually conducted to determine the effectiveness of an 
aeration system in removing the contaminants of concern. Testing is performed using a 
laboratory or bench-scale prototype unit. Municipalities, private consultants, and the USEPA 
use pilot aeration tests to determine the usefulness of aeration in removing various VOCs. 

Pilot tests are sometimes performed on samples "spiked" with the contaminant to be 
studied. However, it is generally best to use water directly from the contaminated source, 
because subtle differences in both the physical and chemical composition of the water 
could have some effect on the ability of an aeration unit to remove a contaminant. 

Diffused Air Pilot Studies 

The main components of a diffused air pilot plant are the tank, diffuser, and blower. The 
system is usually operated in a countercurrent fashion. Influent water is piped through a 
rotameter to measure flow and dispersed through a liquid distributor at the top of the tank. 
Water then flows down through the tank to be discharged at the bottom. Air is supplied 
by a compressor, piped through a rotameter to measure flow, and dispersed by a diffuser 
located at the bottom of the tank. 

Packed Column Pilot Studies 

A typical packed column pilot plant consists of the column with influent piping, valves, 
packing media, blower, and support structure, as shown in Figure 5.12. lnfluent is pumped 
through the metering valve and meter to the top of the column, where it is distributed by 
an orifice-type plate. Water trickles down through the packing and is discharged at the 
bottom of the column. 
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Support plates are placed at intervals in the column to provide intermediate support 
for media and to redistribute waterflow and airflow. Air from a compressor or blower is 
controlled by a metering valve and is introduced at the bottom of the column. Taps for 
sampling water are located on the influent line, at three locations along the side of the 
column, and at the bottom of the column. 

Pilot plant size should be small enough to allow it to be easily transported to test sites, 
yet large enough to allow "scale-up" procedures to be meaningful. The diameter of a pi- 
lot column is commonly 12 in. (30.4 cm). 
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FIGURE 5.12 Schematic of a pilot air stripping column. (Source: USEPA technologies for upgrading ex- 
isting or designing new drinking water treatment facilities, 1990.) 
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It is critical for measurements of both waterflows and airflows to be accurate in order 
to know the air-to-water ratio. 

When one is using random packing in a column, the number of packing pieces per 
unit volume is ordinari ly less in the vicinity of column walls. This packing distribution 
tends to produce a flow scheme in which water moves toward the walls and airflow is 
directed more toward the center of the co lumn- -a  phenomenon referred to as channel- 
ing. Channel ing is less pronounced when the diameter of the packing pieces dp is smaller 
than one-eighth the column diameter dc. It is recommended that, if possible, the ratio 
dp/dc = 1 : 15. 

Testing Program and Evaluation of Results 

A testing program for operating a pilot plant and evaluating results is usually necessary 
before one begins to design full-scale treatment facilities. Decisions must be made on fac- 
tors such as the number of operations to be made, loading rates, air-to-water ratio that 
must be provided, and, in the case of packed columns, the type of packing to be used. 

A critical part of operating a pilot plant is the sampling procedures. When samples are 
collected for VOC analysis, they must be collected without allowing any entrapped air to 
remain in the sample bottle. If even a very small bubble remains in the bottle, some of 
the volatile chemicals may leave the water, causing incorrect results when the sample is 
analyzed. 

Other data that must be collected periodically during pilot plant operation are water 
and air temperatures, as well as chlorine, iron, and total organic carbon levels. 

Once samples have been analyzed, test results can be evaluated. From these data, op- 
t imum full-scale operational and design conditions can be established. In a diffused air 
system, detention time, water depth, and air-to-water ratio are evaluated. In addition to 
these conditions, with a packed column system, KLa is determined and the best packing 
is chosen. 
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Coagulation and flocculation may be broadly described as chemical and physical pro- 
cesses that mix coagulating chemicals and flocculation aids with water. The overall pur- 
pose is to form particles large enough to be removed by the subsequent settling or filtra- 
tion processes. Particles in source water that can be removed by coagulation, flocculation, 
sedimentation, and filtration include colloids, suspended material, bacteria, and other or- 
ganisms. The size of these particles may vary by several orders of magnitude. Some dis- 
solved material can also be removed through the formation of particles in the coagulation 
and flocculation processes. The importance of dissolved material removal has become 
much more critical in recent years with increased regulatory emphasis on disinfection by- 
products and total organic carbon removal. 

There are several excellent discussions on the theory of coagulation and flocculation 
in Water Quality and Treatment and other AWWA publications listed at the end of this 
chapter. 

DEFINITIONS 

Terms used in this chapter are defined as follows: 

• Coagulation is the process in which chemicals are added to water, causing a reduction 
of the forces tending to keep particles apart. Particles in source water are in a stable 
condition. The purpose of coagulation is to destabilize particles and enable them to be- 
come attached to other particles so that they may be removed in subsequent processes. 
Particulates in source waters that contribute to color and turbidity are mainly clays, 
silts, viruses, bacteria, fulvic and humic acids, minerals (including asbestos, silicates, 
silica, and radioactive particles), and organic particulates. At pH levels above 4.0, par- 
ticles or molecules are generally negatively charged. The coagulation process physi- 
cally occurs in a rapid mixing process. 

6.1 
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• Mix ing is commonly referred to as f lash  mixing, rapid mixing, or init ial mixing. The 
purpose of rapid mixing is to provide a uniform dispersion of coagulant chemical 
throughout the influent water. 

• Enhanced  coagulat ion is a phrase used by the U.S. Environmental Protection Agency 
(USEPA) in the Disinfectants and Disinfection By-products Rule. The rule requires that 
the coagulation process of some water supplies be operated to remove a specified per- 
centage of organic material from the source water, as measured by total organic car- 
bon (TOC). Enhanced coagulation (removal of TOC) can be achieved in most cases by 
either increasing coagulant chemical dosage or adjusting the pH during the coagulation 
reaction. 

• Coagulant  chemica ls  are inorganic or organic chemicals that, when added to water at 
an optimum dosage, cause particle destabilization. Most coagulants are cationic when 
dissolved in water and include chemicals such as alum, ferric salts, lime, and cationic 
organic polymers. 

• F locculat ion is the agglomeration of small particles and colloids to form settleable or 
filterable particles (flocs). Flocculation begins immediately after destabilization in the 
zone of decaying mixing energy following rapid mixing, or as a result of the turbulence 
of transporting flow. In some instances, this incidental flocculation may be an adequate 
flocculation process. A separate flocculation process is most often included in the treat- 
ment train to enhance contact of destabilized particles and to build floc particles of op- 
timum size, density, and strength. 

• F locculat ion aids are chemicals used to assist in forming larger, denser particles that 
can be more easily removed by sedimentation or filtration. Cationic, anionic, or non- 
ionic polymers are most often used in dosages of less than 1.0 mgFL. 

• Di rect  f i l t rat ion is a treatment train that includes coagulation, flocculation, and filtra- 
tion, but excludes a separate sedimentation process. With direct filtration, all suspended 
solids are removed by filtration. In the process sometimes called in-line filtration, floc- 
culation occurs in the conduit between the rapid mixing stage and the filter, in the vol- 
ume above the filter media, and within the filter media. 

• Sol ids contact  clar i f iers are proprietary devices that combine rapid mixing, floccula- 
tion, and sedimentation in one unit. These units provide separate coagulation and floc- 
culation zones and are designed to cause contact between newly formed floc and set- 
tled solids. 

• Low-pressure  membranes  are hollow-fiber membrane systems that provide micro- or 
ultrafiltration. These systems have pore sizes that are 10 to 100 times smaller than those 
of primary protozoa of concern (i.e., Cryptospor id ium and Giardia lamblia). The mem- 
brane is a thin layer of polymer capable of separating materials based on size and chem- 
ical properties. These membrane systems typically operate in the range of - 12 psi vac- 
uum to 40 psi pressure. 

THE COAGULATION PROCESS 

Coagulation reactions occur rapidly, probably taking less than one second. Principal mech- 
anisms that contribute to the removal of particulates when coagulating chemicals such as 
alum or ferric chloride are mixed with water include chemical precipitation, reduction of 
electrostatic forces that tend to keep particles apart, physical collisions between particles, 
and particle bridging. 
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Several factors affect the type and amount of coagulating chemicals required, includ- 
ing the nature of suspended solids and the chemical characteristics of the influent water. 

Coagulant Chemicals 

The most commonly used coagulants are 

• Alum (aluminum sulfate), A12(SO4)3 • 14H20. The most common coagulant in the 
United States, it is often used in conjunction with cationic polymers. 

• Polyaluminum chloride, AI(OH)x(C1)y. This is efficient in some waters, requiring less 
pH adjustment and producing less sludge. 

• Ferric chloride, FeC13. This may be more effective than alum in some applications. 

• Ferric sulfate, Fe2(SO4)3. It is effective in some waters and more economical in some 
locations. 

• Cationic polymers can be used alone as the primary coagulant or in conjunction with 
aluminum or iron coagulants. 

Although alum is by far the most widely used coagulant chemical, ferric chloride or 
ferric sulfate forms a better-settling floc in some waters and may be more consistently ef- 
fective in removing natural organic matter as compared to aluminum-based coagulants. 
Additionally, polyaluminum chloride often produces a better-settling floc in colder wa- 
ters and often results in lower dosages, thereby producing less sludge than alum and fer- 
ric coagulants. 

Flocculation Aids 

Floc formed in many waters with alum is light and fragile and somewhat difficult to set- 
tle. Polymers and other additives can often help form a floc that is more efficiently re- 
moved by settling and filtration. Typical additives used for flocculation aids are 

• High-molecular-weight anionic or nonionic polymers 

• Activated silica 

• Bentonite 

These chemicals are normally added after the application of coagulants, from 5 to 
600 s after mixing. If  the water to be treated with a flocculent aid is already in the floc- 
culation stage, the chemical should be added so that it can be spread across the floccula- 
tion basin. 

Chemical Selection 

The selection of coagulant chemicals and flocculation aids for use in a particular plant is 
generally based on economic considerations along with reliability, safety, and chemical 
storage considerations. The best method of determining treatability, the most effective co- 
agulants, and the required dosages is to conduct bench-scale and, in some cases, pilot 
tests. Jar tests can be used to determine treatability and estimate chemical dosages. If pos- 
sible, testing should cover all critical seasonal conditions. Pilot plant design and con- 
struction are discussed in Chapter 28. 
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When one is designing for coagulant application, as much flexibility as possible should 
be allowed, to accommodate changing conditions. Several points of addition for coagu- 
lant chemicals, particularly polymers, should be provided in the rapid mixing and floc- 
culation processes. The order of chemical addition is also important in almost all waters. 

Sludge quantity and disposal are important considerations in selecting the coagulant 
to be used. Metal-ion coagulants produce considerably larger volumes of sludge than poly- 
mers. The ability to predict the exact reaction and quantity of sludge that will be produced 
solely by the reaction formulas is limited. For this reason, predictions of treatability, chem- 
ical dosages, and sludge quantities must generally be determined by laboratory and pilot 
plant tests. 

The coagulation process may, in some cases, be improved by preozonation. Ozone 
may significantly reduce coagulant requirements to the point where low residual solids 
(or filtration efficiency) make direct filtration feasible. However, due to the increasing 
power costs, in an effort to reduce ozone requirements, many recently constructed ozone 
facilities incorporate ozonation after clarification or filtration. 

Oxidation with air and chemical oxidants such as chlorine and potassium permanganate 
may also aid coagulation by oxidizing iron and manganese, which can aid floc formation. 
Carbon addition, typically in the form of powdered activated carbon (PAC), may also im- 
prove coagulation, as it would remove a fair amount of organic matter prior to the coag- 
ulation process, thereby, reducing coagulant demand and the associated levels of sludge 
production as well as improving overall turbidity and organics removal. Similarly, new, 
specialty adsorbants/resins are actively being considered in the drinking water treatment 
community. One such adsorbant, a magnetic ion exchange (MIEX) resin by ORICA Wa- 
tercare (Melbourne, Australia, and Englewood, Colorado), is specifically designed to re- 
move low-molecular-weight organics, which are a primary contributor to many DBP pre- 
cursors. As the DBP rules become more and more stringent in future years, there is little 
question more specialty-type coagulant aids will continue to be developed to further im- 
prove the removal of these precursors. 

Adjustment of pH 

Control of pH and alkalinity is an essential aspect of coagulation. The optimum pH for 
coagulation varies but is generally within the following ranges for turbidity removal: 

• Alum: pH 5.5 to 7.5; typical pH 7.0 

• Ferric salts: pH 5.0 to 8.5; typical pH 7.5 

It can be necessary to adjust the pH of some source waters to achieve optimum coag- 
ulation. The pH is often lowered by adding carbon dioxide or an acid. Alum and ferric 
chloride consume alkalinity and can lower pH; however, reducing pH by adding more 
chemical than is required for coagulation should be avoided as it increases overall chem- 
ical costs and sludge production/costs. In some source waters with low pH or low alka- 
linity, it may be necessary to add caustic soda or lime to raise pH and to offset the acid- 
ity of metal-ion coagulants, even in an enhanced coagulation mode of operation. A thorough 
discussion of the effects of pH on coagulation appears in Water Quality and Treatment. 

For waters that require enhanced coagulation to remove organic matter, the pH of co- 
agulation should be lowered as compared to coagulation for turbidity removal only. Typ- 
ically, the optimum pH for organics removal with alum is between 6.0 and 6.5, and be- 
tween 5.5 and 6.0 for ferric coagulants. Often, polyaluminum chloride can provide organics 
removal without as significant a decrease in pH. 

There are a number of secondary impacts of utilizing the higher coagulant dosages and 
lower pH values for enhanced coagulation. A few of these impacts include the following: 
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• Increased solids. The higher coagulant dosages directly result in increased sludge vol- 
umes. Chapter 17 discusses the relationship between coagulant dosages and sludge pro- 
duction. 

• Poorer dewatering characteristics. The increased metal (A13+ or Fe z+ or 3+) concen- 
trations typically result in poorer dewatering characteristics. As a result, a change to 
enhanced coagulation may result in lower ultimate, dewatered solids concentrations. 

• Increased concrete~metal corrosion. The lower pH of the coagulated water for TOC 
removal will be significantly more aggressive on concrete and metals as compared to 
the more neutral pH of water that has been coagulated for turbidity removal. 

If pH is lowered to improve coagulation, it is typically necessary to raise the pH in 
the final effluent from the plant to provide a less corrosive finished water. The pH may 
be adjusted at one or more points in the treatment, including rapid mixing, prefiltration, 
and postfiltration. If the pH is lowered to improve coagulation and organics removal, it 
is often recommended to readjust the pH after the filtration process as compared to pre- 
filtration. This is due to the fact that some organic matter may be adsorbed onto the floc 
that may carry over from the clarification process, and any prefiltration pH adjustment 
may then result in the "release" of this organic matter, which could pass through the fil- 
ters and contribute to subsequent DBP formation. 

For plants where only a small increase in pH is required, liquid caustic soda is most 
commonly used because of its ease of handling. When a large increase in pH is required, 
lime is normally the most economical choice. Lime, however, may add turbidity to a fin- 
ished water; therefore, if lime is used for postfiltration pH adjustment, it is generally best 
to use a lime saturator to minimize the potential of turbidity addition. Also, in some wa- 
ters, the utilization of soda ash for precoagulation alkalinity adjustment often helps the 
overall coagulation process. 

COAGULATION AND MEMBRANE TECHNOLOGY 

Low-pressure membrane technology (micro- and ultrafiltration) is becoming significantly 
more prevalent in the drinking water industry (see Chapter 13). Low-pressure membranes 
are purely size-exclusionary devices. As a result, anything smaller than membrane pore 
sizes (approximately 0.01 to 0.1/xm) will pass through the membrane, Therefore, mem- 
brane feedwaters with dissolved materials, such as organics and metals, require some form 
of additional treatment. 

Often, in these cases, the most economical pretreatment process is simple coagulation. 
Potential coagulants for membrane pretreatment include those also used for conventional 
water treatment. Additionally, organic adsorption media such as PAC and MIEX, or ox- 
idants such as potassium permanganate, chlorine, or chlorine dioxide can be applied up- 
stream of a low-pressure membrane (assuming appropriate membrane compatibility) for 
enhanced dissolved material removal. 

Similar to a direct filtration mode of operation for conventional technology, the goal 
of coagulation for membrane pretreatment is to produce a pinpoint floc that is capable of 
adsorbing dissolved matter, but minimizes solids loading onto the membrane filtration 
process. As noted briefly above, it is important to quantify membrane compatibility and 
performance with the coagulant of choice. Each commercially available membrane uti- 
lizes different membrane materials. As a result, the compatibility and performance of a 
coagulant for membrane filtration pretreatment will likely vary between membrane sys- 
tem and raw water supplies. As such, there are no specific guidelines for membrane sys- 
tem precoagulation except the general guidelines that are associated with conventional 
treatment. 
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DESIGN OF CHEMICAL MIXING 

Chemical mixing can be accomplished by several different types of equipment designed 
to mix the applied chemicals with the source water as quickly as possible. 

Mixing Intensity 

The intensity of agitation required for opt imum rapid mixing and flocculation is measured 
by the G value. The G value concept, developed by Camp and Stein in 1943, is widely 
used in designing rapid mixing and flocculation processes and is defined by the equation 

(pf /2 a=--~ 
where G = root-mean-square velocity gradient, or rate of change of velocity, (ft/s)fft 

P = power input, ft • lb/s 
/.~ = dynamic viscosity, lb • sift 2 
V = volume, ft 3 

Equations are also available to calculate G for various types of mixing arrangements, 
and manufacturers of mixing and flocculation equipment provide information on G val- 
ues for their equipment. Another parameter used in designing mixing systems is Gt, which 
is the dimensionless product of G and detention time t in seconds. 

Temperature Effects on Mixing 

Rapid mix and flocculation systems design is temperature-dependent because water vis- 
cosity varies with temperature, as shown in Table 6.1. Guidelines for adjusting detention 
times in both rapid mix and flocculation basins are shown in Table 6.2. 

Types of Rapid Mixing Systems 

Coagulant chemicals can be mixed by several methods, including 

• Mechanical devices in a dedicated basin 

• In-line blenders 

TABLE 6.1 Water Viscosity and Water Temperature 

Temperature, °C Temperature, °F /~, cP p~, lb • s/ft 2 

0 32 1.792 3.75 x 10 -5 

5 41 1.520 3.17 × 10 -5 

10 50 1.310 2.74 X 10 -5 

15 59 1.145 2.39 x 10 -5 

20 68 1.009 2.10 X 10 -5 

25 77 0.895 1.87 x 10 -5 

30 86 0.800 1.67 x 10 -5 
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TABLE 6.2 Guidelines for Mixer 
Detention Times 

Temperature, °C Detention time factor 

0 1.35 

5 1.25 

10 1.15 

15 1.07 

20 1.00 

25 0.95 

30 0.90 

6.7 

• Hydraulic methods 

• Air mixing 

• Induction mixing 

Mechanical Mixers. Propeller- or paddle-type mechanical mixers in a dedicated basin 
are the most commonly used rapid mix system in water treatment plants. A typical arrange- 
ment for this type of rapid mixer is il lustrated in Figure 6.1. Another mixer arrangement 
without stators and with a turbine-type blade is illustrated in Figure 6.2. 
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FIGURE 6.1 Propeller-type mechanical flash mixer. 
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FIGURE 6.2 Turbine-type mechnical flash mixer. (Courtesy ofDorr-Oliver Eimco.) 

Rapid mixers attempt to provide complete mixing by near-instantaneous blending 
throughout the entire basin. As a result, an incoming volume of water immediately loses 
its identity as it is mixed with water that entered the basin previously. A mixer operating 
in this manner is also called a backmix reactor because basin contents are always blended 
backward with incoming flow. 

Mechanical mixers are generally propeller- or paddle-type devices. More than one set 
of propeller or paddle blades may be provided on a shaft. Stators (baffles near the blades 
of the mixer or on the wall of the basin) may be provided to maximize energy transfer to 
the fluid and to minimize residual velocities at the outlet. Mechanical mixers are often 
constructed with a vertical shaft driven by a speed reducer and electric motor. Propeller- 
type mixers can be arranged so that flow is directed in any direction. With propeller-type 



MIXING, COAGULATION, AND FLOCCULATION 6.9 

TABLE 6.3 Rapid Mixing Design Criteria from a 170-mgd Plant in San Diego, California 

Number of stages: three 

Type 
First stage: pump diffusion 
Second stage: mechanical 
Third stage: mechanical 

Detention time 
First stage: 1 s 
Second stage: 30 s 
Third stage: 30 s 

Number of basins: two 
Volume (each): 56,800 gal (214,900 L) 
Depth (each): 15 ft (4.6 m) 
Width (each): 22 ft (6.7 m) 
Length (each): 23 ft (7 m) 

Mixing intensity G 
First stage (in-line): 1,000 s -1 
Second stage: (basin): 150 to 300 s - l  
Third stage: (basin): 150 to 300 s -1 

blades, coagulant chemical is generally directed to the eye of the propeller on the suction 
(upstream) side. 

Mechanical mixers are not normally provided with variable-speed drives. If  adjust- 
ments to energy input are necessary, they may be achieved by changing propellers or pad- 
dle blades or by mechanically adjusting the shaft speed. 

Many treatment plant designs incorporate two or more rapid mix basins in series. The 
order in which coagulant chemicals are added is important in most waters, and more than 
one rapid mixer can provide the needed reaction time for each chemical. A plant in San 
Diego, California, uses three rapid mixers, as shown in the design criteria summarized in 
Table 6.3. Two other large water treatment plants in southern California use two vertical 
turbine mechanical mixers in series designed for G values of 440 to 670 s-  t with corre- 
sponding detention times of 30 to 10 s. 

Typical design values for most mechanical rapid mix systems provide detention times 
of 10 to 60 s and G values of 600 to 1,000 s -1. 

In-Line Blenders. Although the traditional complete-mix type of basin with a mechan- 
ical mixer has performed satisfactorily in many plants for years, recent experience has 
shown that in-line blenders often provide more efficient rapid mixing. Advantages of this 
type of mixer are that it can approach nearly instantaneous dispersion of chemicals. In- 
line blenders operate at short detention times (less than 1 s) and at high G values. 

An important consideration is that a short detention time and high G value may be a 
disadvantage in waters requiring more reaction time and the use of more than one chem- 
ical for floc formation. One answer to this problem may be an in-line mixer used in con- 
junction with a mechanical rapid mix basin (for example, installing an in-line blender as 
a first stage, followed by rapid mix basins to provide more detention time). The design 
summarized in Table 6.3 uses this concept. 

In-Line Jet Mixers. Kawamura (1976) notes some problems with backmix-type rapid 
mixers and provides information on a design for several large water treatment plants. The 
system shown in Figure 6.3 was designed for an 82 mgd (310 ML per day) plant. The jet 
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velocity at the nozzle is 24 ft/s (732 m/s) with a 950-gpm (60-L/s) capacity injection pump 
with a 10-hp motor. The G value is approximately 1,000 s -1. 

Advantages of this system are that either source water without added chemicals or par- 
tially destabilized source water can be used in the chemical injection system. A valve in- 
stalled in the pump discharge line can control pumping rate and vary energy input for var- 
ious plant flows and types of coagulating chemicals. 

Chao and Stone (1979) presented a recommended design for a variation of an in-line 
jet mixing system illustrated in Figure 6.4. Instead of a single orifice directed either up- 
stream or downstream with the flow, this design uses multiple jets that inject perpendic- 
ular to the flow in the pipe. With two rows of eight jets per row, the duration of mixing 
is about 0.5 s and the G value about 1,000 s-1. 

Mechanical In-Line Blenders. Mechanical in-line blenders provide rapid mixing of 
chemicals with water flowing in a pressure pipe. These devices consist of a propeller in 
the pipe and an electric drive system, as illustrated in Figure 6.5. These are normally pro- 
prietary items of equipment and can be specified to provide any required G value. 

Static In-Line Blenders. Static in-line mixers, sometimes called motionless mixers, 
use energy of the flowing liquid to produce mixing. The design of this type of mixer at- 
tempts to create flow paths that result in consistent and predictable mixing performance. 
The units are available from more than one manufacturer and incorporate various arrange- 
ments of intersecting bars, corrugated sheets, and plates. A typical static mixer is shown 
in Figure 6.6. 

Air Mixing. Air mixing can be a simple and reliable mixing method and has advantages 
where aeration of the source water is required anyway. In some instances, air mixing is 
incorporated into existing structures where it may not be convenient to install other me- 
chanical equipment. It is especially applicable to deep conduits or vertical sections of pip- 
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ing. Energy applied in adding air may be computed as the volume of water displaced 
per unit time multiplied by the depth below the free surface, as shown in the following 
equation: 

Qh 
hp = 528 

where Q = free air discharge, ft3/min 
h = depth of air inlet nozzle below water surface, ft 

hp = horsepower input 

FIGURE 6.6 Typical static mixer. (Courtesy of Komax Systems, Inc., Wilmington, Calif.) 
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Energy applied by air injection may be varied directly by adjusting airflow. Air mix- 
ing is not widely used, and before it is incorporated into a design, an inspection should 
be made to determine whether scum and floatable material would be a problem. Limited 
quantities of floating scum (or sludge) may be accepted onto filters, but certain coagu- 
lants and algae may increase scums. 

Hydraulic Mixing. Hydraulic mixing can be achieved by using V-notch weirs, Parshall 
flumes, orifices, throttled valves, swirl chambers, and simple turbulence caused by ve- 
locity in a pipe, fitting, or conduit. Hydraulic mixing is a nonbackmix method that can 
sometimes be highly efficient. The principal problem is that energy input varies with the 
flow. However, if a plant has relatively constant flows, energy variations may not be a 
concern. Seasonal flow variations can sometimes be overcome by varying the number of 
plant mixing modules in operation to maintain more or less constant flows on those mod- 
ules in operation. 

Total head loss across a throttled valve used for mixing coagulant chemicals should 
not exceed 4 ft (3.2 m). If  head loss exceeds this amount, coagulants should be added to 
the flow downstream of the valve in the zone of decaying energy because excessive con- 
fined energy may shear polymers. 

The energy provided by a weir with an effective fall of 1 ft (30 cm) provides a G valve 
of 1,000 s-1 at 20 ° C. Such a weir mixer with a downstream baffle develops G values as 
a function of flow, as shown in Table 6.4. If the volume V where turbulence dissipates is 
assumed to be constant, G may vary significantly; but i f  turbulence volume is assumed 
to be proportional to the flow Q, there is a lesser variation in G. 

Weir mixers require that coagulant chemicals be fed equally across the length of the 
weir at multiple points spaced at not more than the head distance of the weir. Because of 
maintenance problems with multiple-orifice chemical feed manifolds and other practical 
considerations, weir mixers tend to be used on plants of less than approximately 40 mgd 
(151 ML per day) capacity. 

Induction Mixing. Induction mixing essentially serves as an all-in-one chemical feed, 
mixing, and control system. Induction mixing systems, which are primarily proprietary 
systems, have primarily been utilized for gaseous introduction of disinfectants in waste- 
water treatment facilities. However, the application of this process can be considered for 
metal coagulants in drinking water. 

Induction mixers basically employ a vacuum via a propeller system to pull coagulant 
chemicals into the mixing system and then inject into the water stream. The chemical re- 

TABLE 6.4 Hydraulic Weir Mixing 

Flow Q (percent of maximum) G relative (V constant) G relative (VQ) 

1.0 1.0 1.0 

0.9 0.92 0.97 

0.8 0.83 0.93 

0.7 0.74 0.88 

O.6 0.65 O.84 

0.5 0.47 0.73 

0.35 0.42 0.71 
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actions that are required for charge neutralization occur within seconds, and the induction 
system disperses the coagulant into the raw water stream extremely rapidly. 

Induction mixing systems can be in-line in a piping system or submerged in a chan- 
nel. The selection of the type of system is primarily governed by induction system design 
and the design water flow. By combining the chemical feed, mixing, and control system 
into one unit, induction mixing systems can also save power costs. Due to the uniqueness 
of these systems and the proprietary nature of the equipment, the evaluation and design 
of these systems should be closely coordinated with the equipment supplier. 

FLOCCULA TION PROCESS DESIGN 

Building optimum size floc requires gentle mixing in the energy gradient range of 20 to 
70 s-1 for a total period of approximately 10 to 30 min. Direct filtration requires a small, 
dense floc that can be formed at the higher end of the energy range. For settling in con- 
ventional basins and in units with settling tubes and settling plates, lower energy levels 
are applied to produce a large, dense floc that will resist breakup during contact with weirs 
and plates. Often, polymers are used to help form denser floc. 

Floc begins to form within 2 s of coagulant addition and mixing. If high turbulence 
or shear is subsequently applied to the water, the formed flocs may be fragmented, and 
broken floc may not readily settle or re-form. 

Optimum floc that is efficiently settled or filtered is usually formed under conditions 
of gradually reducing energy. In large plants, it may be difficult to distribute water to floc- 
culation basins or filters without quiescent stages and high-energy stages. Conduits han- 
dling mixed water should minimize head losses, but may, on the other hand, include wa- 
ter jets or air mixing to maintain G at values of 100 to 150 s-  1 before the water is transferred 
to the flocculation stage. 

The gentle mixing process of flocculation is designed to maximize contact of desta- 
bilized particles and build settleable or filterable floc particles. It is desirable to maintain 
shear forces as constant as possible within the process. As a result, flocculator mecha- 
nisms tend to be slow and to cover the maximum possible cross-sectional area of floc 
basins. 

It is desirable to compartmentalize the flocculation process by dividing the basin into 
two or more defined stages or compartments, as illustrated in Figure 6.7. Compartments 
prevent short-circuiting and permit defined zones of reduced energy input or tapered en- 
ergy. To prevent short-circuiting, baffles are typically placed between each stage of floc- 
culation. For mechanical (nonhydraulic) flocculation basins, baffles are designed to pro- 
vide an orifice ratio of approximately 3% to 6% or a velocity of 0.9 ft/s (27 crrds) under 
maximum flow conditions. 
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A-B syndrome, 22.5-22.6 
Abbreviations, 11.1-11.11 
Abrasion resistance, 14.3 
Accelerator solids contact unit, 7.31 
Acceptance testing, 21.10-21.11 
Access ramp and filter, 9.8 
Accessibility of equipment, 25.13-25.14 
Accidental release scrubber systems, 15.50 
Acetaldehyde, 12.53 
Acid base exchanges, 12.42 
Acidification, 13.42 
Acronyms, 11.1-11.11 
Actiflo ballasted flocculation system, 7.24-7.25 
Activated alumina: 

arsenic removal, 12.17 
fluoride removal, 12.22 
protective equipment, 15.42 

Activated carbon, 14.1, A.1 
abrasion resistance, 14.3 
ash content, 14.3 
BAC, 9.14, 14.29 
carbon weight, 14.2-14.3 
durability, 14.3 
GAC (see Granular activated carbon) 
GAC particle size, 14.3-14.4 
iodine number, 14.2 
ion exchange, 12.30 
moisture content, 14.3 
molasses number, 14.2 
PAC (see Powdered activated carbon) 
piping, 15.35 
storage, 15.22 

Activated carbon feeding system, 14.7 
Activated carbon regeneration system 

schematic, 14.34 
Active frazil ice, 4.23 
Active IDS, 30.4 
Active infrared (IR) sensors, 30.5 
ADA, 18.5, 23.29-23.30, 26.8 
Adaptive gain control, 20.7 
Adiabatic equation, 10.23 
Adjacency diagram, 18.4 
Administrative facilities, 18.5-18.6, 18.7 

Adsorption, 2.10 
Adsorption clarifier, 7.40, 7.41 
Adsorptive separation, 10.53-10.54 
Advanced oxidation process (AOP), 29.8 
Aeration and stripping: 

design, 5.10-5.22 
diffuse-type aeration, 5.4-5.5, 5.11-5.12 
equilibrium conditions, 5.8 
factors to consider, 5.8 
films, 5.9 
lime softening, 11.5-11.6 
mechanical aeration, 5.7 
multiple-tray aerators, 5.2, 5.13 
pilot testing, 5.22-5.24 
pressure aeration, 5.7 
PTA, 5.3, 5.4, 5.14-5.22 

(See also Packed tower aeration) 
rate of achievement, 5.8-5.9 
rate of transfer, 5.9-5.10 
saturation value, 5.8 
spray aerators, 5.2, 5.12-5.13 
uses, 5.1 
waterfall aeration, 5.2-5.4 

Afterburner, 14.37 
Air binding, 8.40 
Air block exchangers, 12.39 
Air emissions, 5.20, 24.10-24.11, 24.15 
Air entrainment, 16.13 
Air mixing, 6.11-6.13 
Air-operated diaphragm pumps, 15.24 
Air pollution, 17.66 
Air preparation ozonation system, 10.46-10.48 
Air scour, 8.14, 8.18, 28.17 
Air stripping, 2.10, 5.1 

(See also Aeration and stripping) 
Air-to-water ratio, 5.3, 5.14 
Alarm systems, 20.26-20.27 
Algae, 9.3-9.4 
Algal species, 9.4 
Allen substation aerator (Memphis), 5.13 
Alum [see Aluminum (alum)] 
Alum recovery, 17.17 
Alum sludge, 17.5-17.6 
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Vinyl chloride, 5.10 
Visual rotameters, 15.37 
Vitamin C, A.4, A.21 
Vitrified clay tile underdrain, 8.24 
Volatile organic compound (VOC), 13.42 
Volatile organic reduction, 2.10 
Volatile organics, 2.16 
Voltage-driven electrodialysis process, 13.4 
Volumetric feeders, 15.19-15.20 
Volumetric sensors, 30.4 
Vortex scrubbers, 15.10 
Vortex-shedding flowmeters, 20.31-20.32, 

20.34 
VSA oxygen generation, 10.53-10.54 
Vulnerability assessment, 22.9 

Wash rates, 8.16-8.18 
Washwater trough-sizing diagram, 8.35 
Washwater troughs, 8.32-8.36 
Waste DE slurry, 9.28 
Waste disposal (see Process residuals) 
Waste handling system hydraulic profile, 

17.63-17.64 
Waste inventory, 24.11 
Wastewater Engineering: Treatment, Disposal, 

and Reuse, 17.18 
Wastewater lagoons, 9.16 
Wastewater treatment/disposal, 24.9-24.10, 

24.15 
Water block CCR regeneration, 12.39 
Water flux (see Flux) 
Water hardness, 11.1-11.2 
Water Quality and Treatment: 

chemical treatment, 15.1 
coagulation, 6.1 
exchange process theory, 12.2 
flocculation, 6.1 
lime softening, 11.3, 11.6, 11.12 
oxidation and disinfection, 10.2 
sedimentation theory, 7.2 

Water quality goals: 
finalized regulations, 2.4-2.5, 2.6 
primary standards, 2.5, 2.6 
regulations under development, 2.5, 2.7 
secondary standards, 2.5, 2.7 
treatment obsolescence, 2.8 

Water scrubber, 17.56 
Water softening, 11.1-11.3 

(See also Ion exchange applications; Lime 
softening; Membrane processes) 

Water system control architecture, 20.16 
Water temperature sensors, 29.14-29.15 
Water treatment chemicals (see 

Chemicals/chemical handling) 
Water Treatment Plant Design, 1.6 
Water treatment plant residuals (see Process 

residuals) 
Water Treatment Plant Waste Management, 

17.58, 17.68 
Water treatment waste disposal injection wells, 

17.14 
Water-type vaporizer, 10.49, 10.50 
Water Utility Capital Financing, 3.4 
Water viscosity and water temperature, 6.6 
Water wash, 8.13-8.18 
Water withdrawals, 24.6 
Waterborne disease, 10.1 

(See also Oxidation and disinfection) 
Waterfall aeration, 5.2-5.4 
Waterstops, 19.5 
Watertightness, 19.6 
Watson, H. E., 10.13 
Wausau, Wisconsin, 5.21 
Weakly basic anion resins, 12.31 
Wearout, 22.4, 22.5 
Wedge wire underdrain (GAC filters), 14.19 
Wedgewater process, 17.34 
Wedgewire beds, 17.34 
Weir, 16.10-16.11, 20.34 
Weir mixers, 6.13 
Weir trough, 7.21 
Well injection, 17.14 
Well intakes, 4.7 
Wesner, George M., 6.1 
West Hartford, 9.15 
Wheeler, Jane W., 24.1 
Wheeler bottom, 8.27 
Wiedeman, John H., 21.1 
Willis, John F., 7.1 
Winslow, John M., 30.1 
Wire cloths (water filtration), 9.23 
Woodward Reservoir, 4.11 
Wound rotor motor, 21.6 

Y, 13.10 

Zebra mussel, 4.25~1.26 
Zeolites, 12.4 
Zimmerman, Phillip C., 18.1 
Zinc, 2.7 
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