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Preface

Over the last decade there have been rapid developments and changes in the field of wastewater treatment.
The emphasis has been on identification, detection, and removal of specific constituents; computer sim-
ulation and modeling; membrane processes; renovation and reuse of wastewater effluent; nutrients recov-
ery, and reduction and utilization of biosolids; energy conservation; greater understanding of theory and
principles of treatment processes; and application of these fundamentals into facility design. Environmen-
tal engineers have many responsibilities. One of the most demanding yet satisfying of these are the design
of wastewater treatment and reuse facilities. There are several books that discuss the fundamentals, scien-
tific principles, and concepts and methodologies of wastewater treatment. The actual design calculation
steps in numerical examples with intense focus on practical application of theory and principles into pro-
cess and facility design are not fully covered in these publications. The intent of the authors writing this
book is threefold: first, to present briefly the theory involved in specific wastewater treatment processes;
second, to define the important design parameters involved in the process, and provide typical design val-
ues of these parameters for ready reference; and third, to provide a design approach by providing numer-
ical applications and step-by-step design calculation procedure in the solved examples. Over 700
illustrative example problems and solutions have been worked out to cover the complete spectrum of
wastewater treatment and reuse from fundamentals through advanced technology applied to primary, sec-
ondary and advanced treatment, reuse of effluent, by-product recovery and reuse of biosolids. These exam-
ples and solutions enhance the readers’ comprehension and deeper understanding of the basic concepts.
They also serve as a good source of information for more experienced engineers, and also aid in the formal
design training and instruction of engineering students. Equipment selection and design procedures are
the key functions of engineers and should be emphasized in engineering curricula. Many practice prob-
lems with step-by-step solution provide skills to engineering students and professionals of diverse back-
ground for learning, and to master the problem-solving techniques needed for professional engineering
(PE) exams. Also, these solved examples can be applied by the plant designers to design various compo-
nents and select equipment for the treatment facilities. Thus, the book is a consolidated resource of valu-
able quick-and-easy access to a myriad of theory and practice information and solved examples on
wastewater treatment processes and reuse.

This work is divided into two volumes. Principles and basic treatment processes are covered in Volume
1, which includes Chapters 1 through 10. Volume 2 contains Chapters 11 through 15 to cover post-
treatment processes, reuse, and solids disposal.

Volume 1: Principles and Basic Treatment. Chapter 1 is an overview of wastewater treatment: past,
present, and future directions. Chapters 2 and 3 cover the stoichiometry, reaction kinetics, mass bal-
ance, theory of reactors, and flow and mass equalization. Sources of municipal wastewater and flow
rates and characteristics are provided in Chapters 4 and 5. Chapter 6 provides an in-depth coverage
of wastewater treatment objectives, design considerations, and treatment processes and process dia-
grams. The preliminary treatment processes are covered in Chapters 7 and 8. These unit processes
are screening and grit removal. Chapter 9 deals with primary treatment with plain and chemically
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enhanced sedimentation. Chapter 10 provides an in-depth coverage of biological waste treatment and
nutrients removal processes.

Volume 2: Post-Treatment, Reuse, and Disposal. Chapter 11 covers major processes for effluent disin-
fection, while Chapter 12 deals with effluent disposal and reuse. Chapter 13 is devoted to residuals man-
agement, recovery of resources, and biosolids reuse. The plant layout, yard piping, plant hydraulics, and
instrumentation and controls are covered in Chapter 14. Upgrading of secondary treatment facility,
land application, wetlands, filtration, carbon adsorption, BNR and MBR; and advanced wastewater treat-
ment processes such as ion exchange, membrane processes, and distillation for demineralization are
covered in Chapter 15.

This book will serve the needs of students, teachers, consulting engineers, equipment manufacturers,
and technical personnel in city, state, and federal organizations who are involved with the review of
designs, permitting, and enforcement. To maximize the usefulness of the book, the technical information
is summarized in many tables that have been developed from a variety of sources. To further increase the
utility of this book six appendices have been included. These appendices contain (a) abbreviations and
symbols, basic information about elements, useful constants, common chemicals used in water and waste-
water treatment, and U.S. standard sieves and size of openings; (b) physical constants and properties of
water, solubility of dissolved gases in water, and important constants for solubility and sodicity of water;
(c) minor head loss coefficients for pressure conduits and open channels, normal commercial pipe sizes,
and design information of Parshall fumes; (d) unit conversions; (e) design parameters for wastewater treat-
ment processes; and (f) list of examples presented and solved in this book. These appendices are included
in both volumes. The numerical examples are integrated with the key words in the subject index. This gives
additional benefit to the users of this book to identify and locate the solved examples that deal with the
step-by-step calculations on the specific subject matter.

Enough material is presented in this textbook that cover supplemental material for a water treatment
course, and a variety of wastewater treatment courses that can be developed and taught from this title.
The supplemental material for a water treatment course include components of municipal water demand
(Section 4.3), rapid mix, coagulation, flocculation, and sedimentation (Sections 9.6, 9.7, and 10.9), filtration
(Section 15.4.6), carbon adsorption (Section 15.4.8), chlorine and ozone disinfection (Sections 11.6 and 11.8),
demineralization by ion exchange and membrane processes (Sections 15.4.9 and 15.4.10), and residuals
management (Sections 13.4.1 through 13.4.3, 13.5 through 13.8, and 13.11.6). At least three one-semester,
and one two-semester sequential wastewater treatment courses at undergraduate or graduate levels can be
developed and taught from this book. The specific topics to be covered will depend on time available, depth
of coverage, and the course objectives. The suggested wastewater treatment and reuse courses are:

Course A: A one-semester introductory course on wastewater treatment and reuse
Course B: A sequential two-semester advance course on wastewater treatment and reuse
Course C: A one-semester course on physical and chemical unit operations and processes
Course D: A one-semester course on biological wastewater treatment

The suggested course outlines of these courses are provided in the tables below. The information in
these tables is organized under three columns: topic, chapter, and sections. The examples are not included
in these tables. It is expected that the instructor of the course will select the examples to achieve the depth
of coverage required.

Course A: Suggested course contents of a one-semester introductory course on wastewater treatment
and reuse

Topic Chapter Section
Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 2.1 and 2.2

Continued
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Topic Chapter Section

Mass balance, reactors, and equalization 3 3.1 to 3.3, and 3.4.1 to 3.4.3

Sources and flow rates of wastewater 4 All

Characteristics of municipal wastewater 5 5.1 to 5.6, 5.7.1, 5.8, and 5.9

Treatment and design objectives, and 6 All

processes

Screening 7 All

Grit removal 8 8.1t0 8.3, 8.4.1 to 8.4.5, 8.5, and 8.6
Conventional and chemically enhanced 9 9.1t09.6,9.7.1, and 9.7.2

primary sedimentation
Biological waste treatment: basics, oxygen 10 10.1, 10.2, 10.3.1, 10.3.2, 10.3.4 to 10.3.8, 10.3.10, 10.3.11,
transfer, fixed film attached growth 10.4 to 10.6, 10.7.1 to 10.7.3, 10.8, and 10.9
processes, anaerobic treatment, biological

nitrogen removal, and final clarifier
Effluent disinfection 11 11.1 to 11.7
Effluent reuse and disposal 12 12.1, 12.2, 12.5, and 12.6
Residuals processing, reuse, and disposal 13 13.1 to 13.8, and 13.11
Plant layout, piping, hydraulics, and 14 All

instrumentation and control
Advanced wastewater treatment and 15 15.1 to 15.3, 15.4.5, 15.4.6, and 15.4.8 to 15.4.10

upgrading secondary treatment facility

Course B: Suggested course contents of a sequential two-semester advanced course on wastewater

treatment and reuse

Topic Chapter Section
First Semester

Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 All

Mass balance, reactors, and equalization 3 All
Sources and flow rates of wastewater 4 All
Characteristics of municipal wastewater 5 All
Treatment objectives, design considerations, 6 All

and treatment processes

Screening 7 All

Grit removal 8 All
Primary and enhanced sedimentation 9 All
Biological waste treatment: fundamentals 10 10.1 and 10.2
and types

Second Semester

Biological waste treatment (cont’d): suspended, 10 10.3 to 10.10
attached, aerobic, anaerobic kinetics, oxygen

transfer, biological nutrient removal (BNR),

computer

application, and final clarifiers
Disinfection and kinetics 11 All
Effluent reuse and disposal 12 All

Continued
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Topic Chapter Section
Residuals processing, reuse, and disposal 13 All
Plant layout, piping, hydraulics, and 14 All

instrumentation and control

Advanced wastewater treatment facilities 15 All

Course C: Suggested course contents of a one-semester course on physical and chemical unit operations
and processes

Topic Chapter Sections

Overview of wastewater treatment 1 All

Stoichiometry and reaction kinetics 2 All

Mass balance, reactors, and equalization 3 All

Sources and flow rates of wastewater 4 4.4 and 4.5

Characteristics of municipal wastewater 5 5.1to 54

Wastewater treatment processes 6 6.3.5

Screening: coarse and fine screens 7 7.1,and 7.2.1 to 7.2.4

Discrete settling and grit removal 8 8.1, 8.3, 842, and 8.4.4

Flocculant settling, rapid mixing, 9 9.1, 9.2, 9.5.5, 9.6.5, 9.6.6, and 9.7.2
flocculation, and sedimentation

Zone or hindered settling 10 10.9.2

Disinfection kinetics, chlorination, 11 11.4,11.5,11.6.1, 11.6.2, 11.7.1, 11.8.6, and
dechlorination, ozonation, and UV radiation 11.94 to 11.9.6

Compression settling, dissolved air flotation, 13 13.4.1, 13.4.2, 13.5.1 to 13.5.3, 13.6.1, 13.6.2, 13.7.1,
anaerobic digestion, conditioning, and 13.8.1, and 13.8.2

dewatering

Air stripping, filtration, carbon adsorption, 15 15.4.5,15.4.6 , 15.4.8, 15.4.9, and 15.4.10

ion exchange, and membrane processes

Course D: Suggested course contents of a one-semester course on biological wastewater treatment

Topic Chapter Section
Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 All
Mass balance, reactors, and equalization 3 All
Sources and flow rates of wastewater 4 All
Characteristics of municipal wastewater 5 All
Wastewater treatment processes 6 6.3.5
Biological waste treatment, biological 10 All
nutrient removal (BNR), and final clarifier
Pathogens reduction in treatment processes 11 11.2.1, and 11.5.1
and natural die-off kinetics
Anaerobic and aerobic digestion of sludge, 13 13.6.1, 13.6.2, 13.9, and 13.11.1
material mass balance, and composting
Aquatic treatment systems, and membrane 15 15.3.2, and 15.4.10

processes
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In the solutions of examples, full expressions are provided to demonstrate step-by-step calculations.
Many process and hydraulic parameters are involved in these expressions. To be more efficient, these
parameters are represented by symbols. Sometimes, in the same example, parameters are applied multiple
times to different streams or reactors. Therefore, subscripted notations are also used to identify these
parameters. Each symbol is fully defined when it appears for the first time in the solution of the example.
After that this symbol is repeated in the entire solution. This approach is helpful in (1) saving space by
replacing lengthy descriptions of a parameter, and (2) providing an identification of the numerical value
used or obtained in the expression. Additionally, these symbols provide the designers a ready reference in
their design calculations while using Mathcad or spreadsheet software.

The International System of Units (SI) is used in this book. This is consistent with the teaching practices
in most universities in the United States and around the world. Most tables in the book have dual units and
include conversion from SI to U.S. customary units in footnotes. Useful conversion data and major treat-
ment process design parameters are provided in Appendices D and E.
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Introduction to Wastewater
Treatment: An Overview

1.1 Historical Development

As societies moved from nomadic cultures to building more permanent settlements, the waste disposal
became an important concern. Odors, nuisance, and health risks primarily from infectious diseases
became apparent. The advent of the water carriage system was the major development toward removal
of human waste from the residential areas. Now the human waste could be diluted with large quantities
of water, carried through underground pipes to a centralized location outside the population centers and
disposed of in a large and suitable water body.

As the population grew with increased urbanization and concentration in major population centers,
discharging untreated wastewater in natural waters created serious water pollution problems. Using the
water for drinking with some or no treatment still caused serious health risk. By the mid-nineteenth cen-
tury, the engineers, public health officials, and the public were searching for treatment methods. How to
treat the wastewater before discharging continued to be an unsolved problem until early to the mid-
twentieth century.

The standards for discharge loading and treatment were investigated for Chicago in 1886. In 1887, the
first intermittent sand filter was installed in Medford, Massachusetts. In 1899, first federal regulation of
Sewage, River and Harbors Appropriations (Refuse Act) prohibited discharge of solids to navigable waters
without permit from U.S. Army Corps of Engineers. Sewered population increased from 1 million in 1860
to 25 million in 1900. Various types of wastewater treatment technologies were developed and used: trick-
ling filter in 1901, Imhoft tank in 1909, liquid chlorine for disinfection in 1914, and activated sludge in
1916. Increased wastewater treatment produced large quantities of residuals. Heated sludge digesters
and use of gas were introduced in 1921, and mechanical dewatering by vacuum filters and centrifuge
were developed soon. In the early 1930s, sludge drying and incineration were utilized in Chicago.
By 1948, wastewater treatment plant served some 45 million Americans out of a total population of
145 million.'~

1.2 Current Status

In 1956, Congress enacted the Federal Water Pollution Control Act (FWPCA), which established the Fede-
ral Construction Grants Program (FCGP). Under the 1972 Amendments to FWPCA (Public Law (PL)
92-500) and Clean Water Act (CWA) of 1977 (PL 95-217), thousands of municipal wastewater treatment
facilities were built or expanded across the nation to control or prevent water pollution.*” The law estab-
lished the National Pollutant Discharge Elimination System (NPDES), which calls for limitation on the
amount or quality of effluent from point sources, and requires all municipal and industrial dischargers
to obtain permits. The interim goal is to achieve fishable/swimmable water quality of nation’s waters.
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The CWA authorized each state to develop a water quality management (WQM) plan to identify bodies
of water as either effluent-limited or water-quality limited based on secondary level of treatment. The
Minimum National Standards for Secondary Treatment as defined by U.S. EPA are given in Table 6.1.
The General Pretreatment Regulations were established for the industrial users of municipal sewers to
control contaminants that may pass through or interfere with treatment processes or which may concen-
trate in the municipal sludge. The total maximum daily load (TMDL) rule was promulgated in 2000 to
protect ambient water quality of surface waters. The rule required to limit TMDL of pollutants that the
water body can receive and still maintain a margin of safety in meeting the established water quality stan-
dards. The TMDL includes total waste load from all point source and nonpoint source (NPS) discharges,
and the natural background levels. Under this rule, an integrated planning effort is needed to include
drainage from agriculture, urban runoff, and discharges from all point source and NPS. Under the
TMDL requirement, advanced wastewater treatment facilities may be needed for point source discharges
in order to meet the specific water quality objectives for specific watershed.®’

The law authorized billions of dollars for construction grants. The FCGP was later converted to State
Revolving Fund (SRF) which provided loans to municipalities for construction of wastewater treatment
facilities, until it was phased out as a method of financing publicly owned treatment works (POTW).

The early wastewater treatment objectives were based primarily on total suspended solids (TSS), bio-
chemical oxygen demand (BOD), and pathogenic organisms. Subsequently, removal of nutrients nitrogen
and phosphorus was addressed. Increased understanding of environmental and health effects of effluent
discharge, and indirect and expected direct potable reuse (DPR) have shifted the attention toward iden-
tification and removal of specific constituents in wastewater. Many of these constituents can cause long-
term (chronic) health effects. Even today, while the early treatment objectives remain valid, the required
degree of treatment has increased significantly, and additional treatment objectives and goal have
been added.

Enhanced treatment of liquid waste results in increased quantity of sludge. The national standards for
handling and disposal of beneficial reuse of biosolids include pathogens and heavy metals. The objective is
to protect human health and environment where biosolids are applied beneficially over land.®

The U.S. EPA Clean Watershed Needs Survey (CWNS) 2012 Report to Congress reported that in 2012
there were a total of 14,748 wastewater treatment facilities serving a total population of 238.2 million.
The number of treatment facilities and expected population served in 2012 and 2032 at different waste-
water treatment levels are summarized in Table 1.1.°

The expected total documented water quality capita investment needs for the nation over a
period up to 2032 are $271.0 billion as dollars on January 1, 2012. This is equivalent to a national average
need of $868 per capita. This figure represents capital needs for publicly owned wastewater collection sys-
tems, treatment facilities, combined sewer overflows (CSO) correction, storm water management, and
recycled water distribution. The documented capital investment needs in different categories are given
in Table 1.2.°

TABLE 1.1 Improvement in Wastewater Treatment Levels and Population Served

2012 2032
Level of Treatment Number of Population Number of Population
Facilities Served, Millions Facilities Served, Millions
Less than secondary 57% 4.1 38" 45
Secondary 7374 90.4 6670 88.7
Greater than secondary 5036 127.7 6111 174.9
No discharge 2281 16.0 2461 26.7
Total 14,748 238.2 15,280 294.9

? Includes the partial treatment facilities.
Source: Adapted in part from Reference 9.



Introduction to Wastewater Treatment 1-3

TABLE 1.2 Expected Total Documented Capital Investment Needs up to 2032 in Different Categories

Investment Needs over a Period up to 2032

Investment Category

Billion January 2012 Dollar % of Total
Wastewater treatment systems 102.0 37.6
Collection system repair and new collection systems 95.7 353
Combined sewer overflow (CSO) correction 48.0 17.7
Stormwater management program 19.2 7.1
Recycled water distribution 6.1 2.3
Total 271.0 100

Source: Adapted in part from Reference 9.

1.3 Future Directions

U.S. EPA in its recently released Blueprint for Integrating Technology Innovation into National Water Pro-
gram stated that over the past 40 years, great progress has been made in protecting the nation’s water
resources through an array of efforts by federal, state, and local governments, and the private sector under
the auspices of the CWA and Safe Drinking Water Act (SDWA). But the United States is facing serious
challenges to its water resources, including deteriorating infrastructure, continued population growth
and development, impacts of climate change, emerging contaminants, widespread nutrient pollution,
and strains on water supply. We need to discover new energy-efficient and cost-effective ways to meet
today’s demands and tomorrow’s challenges.'’ New directions and concerns are evident in many areas.
For this reason, there will be some shift in strategy in new plants design, and retrofitting and upgrading
the existing facilities. Future directions are expected in many interrelated areas of wastewater treatment
fields: (1) health and environmental concerns; (2) improved wastewater characterization and sidestreams;
(3) rehabilitation of aging infrastructure; (4) energy reduction and recovery from wastewater; (5) retrofit-
ting and upgrading POTWs; (6) treatment selection, performance reliability, and resiliency; (7) reduction
in sludge quantity, nutrients recovery, and reuse of biosolids; (8) effluent disposal and reuse; (9) control of
CSO and storm water management; (10) decentralized and on-site treatment and disposal; and (11)
technology assessment and implementation.>®~"!

1.3.1 Health and Environmental Concerns

The health and environmental concerns are in two major areas: contaminants in effluent discharge and in
air emissions. It is estimated that some 10,000 new organic compounds are manufactured each year. New
and improved analytical techniques and sophisticated instrumentation make their detection and monitor-
ing possible. Many of these compounds are detected in wastewater effluents, receiving waters, and drink-
ing water supply. Among the concerned chemicals are priority pollutants such as pesticides, herbicides,
and metabolites; chlorinated hydrocarbons, disinfection by-products (DBPs), trichloroethylene (TCE),
polychlorinated biphenyls (PCBs), N-nitrosodimethylamine (NDMA), methyl tertiary butyl ether
(MTBE), and more. A list of 129 EPA priority pollutants may be found in Reference 3. Most of the priority
pollutants are very persistent, and are known or suspected to have carcinogenic, mutagenic, teratogenic, or
high acute toxic properties. The toxicity and biomonitoring tests are covered in Sections 5.7 and 12.3.
Pharmaceutical and personal care products (PPCPs) are highly bioactive and occur at trace concentra-
tions. They are endocrine disruptors and interfere with reproduction, development, and behavior in
many aquatic animals. Conventional treatment technologies are incapable of removing these trace con-
taminants. New technologies need to be developed, tested, and applied to achieve the acceptable levels
in the effluent. Information on PPCPs may be found in Section 12.2.1. Additionally, enforcement of



1-4 Volume 1: Principles and Basic Treatment

industrial pretreatment regulations, control of CSOs, stormwater management, and public education pro-
gram are needed to reduce their entry into wastewater treatment plants.

Release of many volatile organic compounds (VOCs) and volatile toxic organic compounds (VTOCs)
from wastewater collection and treatment facilities are of great concern. These compounds are odorous,
corrosive, and have serious health implications. For this reason, selection of proper plant site and treat-
ment processes is needed. Compact layout, covered and multistory process designs, and even underground
facilities are needed to reduce the atmospheric exposure of wastewater. Provision should be made for col-
lection and treatment of air from treatment facilities prior to release in the atmosphere. This will minimize
the adverse environmental impacts, and objections by the neighborhood residents. Compact and modular
wastewater treatment facilities are discussed in Section 14.2.3.

1.3.2 Improved Wastewater Characterization and Sidestreams

Characteristics of municipal wastewater are changing because of technical advancements in manufactur-
ing processes, and use of newly developed organic compounds in raw material (Table 5.1). Advancements
in analytical technologies make detection of these compounds possible even in extremely low concentra-
tions in the influent, effluent, and biosolids. Biological kinetic and stoichiometric constants are widely used
in process modeling and computer simulation for optimization of treatment processes and plant design.
For this reason, fractionation of total nitrogen, phosphorous, chemical oxygen demand (COD), and car-
bon into organic, inorganic, soluble and particulate constituents is needed. Wastewater characterization
for computer modeling of biological nutrient removal (BNR) facility is given in Example 10.161.
Also, available concentrations of short-chain volatile fatty acids (SCVFAs) in the influent are needed
for design of biological phosphorous removal. The biochemical reactions involving SCVFAs are discussed
in Section 10.7.1. To identify the active mass in biological treatment, techniques from the microbiological
science such as RNA and DNA typing may be needed.” The sidestreams from solids processing areas are
normally returned to the plant for treatment. These streams contain high nitrogen and phosphorus; sus-
pended, colloidal and dissolved organic and inorganic solids; and heavy metals. The side streams if mixed
at the headworks may totally change the characteristics of incoming wastewater, increase hydraulic,
organic, solids, and nutrients loadings. The concentrations of many contaminants may build up due to
recirculation. The impact of side streams on influent quality is illustrated through material mass balance
analysis in Section 13.9. The most significant development in wastewater treatment technology is to keep
these sidestreams separate from the main plant. Specialized treatment processes are needed to remove spe-
cific contaminants. These specific processes may include (1) dissolved air floatation for nonsettleable sol-
ids, (2) steam stripping for ammonia removal, (3) high rate or chemically enhanced sedimentation for
difficult-to-settle colloidal material, (4) chemical precipitation for removal of heavy metals, (5) biological
treatment, and (6) combination of these processes. The selection of specific treatment processes may
depend upon the constituents that may adversely affect the performance of the main plant.

1.3.3 Rehabilitation of Aging Infrastructure

The rehabilitation and renewal of aging wastewater collection and treatment infrastructures is the top
national priority. The wastewater collection systems particularly in parts of older cities have combined
sewers. Most of the sewers and appurtenances are old, leaky, and undersized. Excessive infiltration and
inflow enter the sanitary sewers, and the storm runoff enters the combined sewers during wet weather.
Whenever the design capacity of the treatment plant is exceeded, the excess untreated flow is diverted
into the receiving waters. This causes serious water quality impairment primarily due to nutrients, sedi-
ments, and bacteria. Municipal wastewater flow and infiltration and inflow are presented in Section 4.5.
Exfiltration causes untreated wastewater to enter the groundwater and nearby surface waters. It is esti-
mated in the 2012 CWNS that nearly $95.7 billion (January 2012 dollars) will be needed up to 2032 to
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rehabilitate and replace the deteriorated pipes and appurtenances in the collection system, and build new
ones (Table 1.2). The U.S. EPA’s goals include encouraging most cost-effective leak detection and rehabil-
itation techniques.’

1.3.4 Energy Reduction and Recovery from Wastewater

Most conventionally run wastewater treatment plants require a large amount of energy for operation.
There is an urgent need to conserve energy in all aspects of wastewater collection, transport, treatment,
and reuse. Selection of energy-efficient processes and equipment is needed. Nearly half of the entire plant
electricity usage is for aeration. Efficient aeration devices are needed. In-depth discussions on aeration
devices and system design are provided in Sections 10.3.9 and 10.3.10. Additionally, the BNR facilities
use less chemicals, reduce waste sludge production, lower energy consumption, and achieve nutrients
removal. For these benefits, every effort should be made to retrofit the conventional activated sludge plants
by BNR processes. Discussion on BNR processes may be found in Sections 10.6 through 10.8. Enhanced
anaerobic digestion would increase biogas generation and reduce the quantity of biosolids. Anaerobic
sludge digestion and quantity of biogas generation are discussed in Sections 13.6.1 and 13.10.2. Several
successful alternative energy generation technologies are in development phases. These are solar-micro-
bial device that uses wastewater and sunlight to generate clean energy, and electricity-producing microbes
that treat wastewater and provide power source.'"'* The U.S. EPA plans to encourage wastewater treat-
ment facilities to take energy-saving measures and utilize alternative energy sources by using new
technology.

1.3.5 Building, Retrofitting, and Upgrading POTWSs

A large number of wastewater treatment plants were built under FCGP in 1975-1985. Most of these facil-
ities are in need for retrofitting and upgrading to meet the stricter permit requirements, and to handle
increased flow and loadings. It is expected that a great deal of effort is needed to apply new and improved
processes to modify, improve performance, and expand the existing plants. It is reported in the 2012
CWNS that the total investment needs for wastewater treatment plants improvement and new construc-
tion from 2012 to 2032 is $102 billion of January 2012 dollars (Table 1.2)°

1.3.6 Process Selection, Performance, Reliability, and Resiliency

Innovative treatment processes should be applied for retrofitting and upgrading of existing plants and
building new plants. The future goal is to produce high-quality treated effluent suitable for indirect and
direct reuse, and minimize the environmental impacts. Among the innovative treatment methods are
fine screens (Sections 7.2.3, 7.2.4, and 9.7), vortex degritters (Section 8.4.4), chemically enhanced primary
treatment (CEPT) (Section 9.5.2), high rate clarification (Section 9.6), integrated fixed-film activated
sludge (IFAS) and moving bed biofilm reactor (MBBR) (Section 10.4.3), enhanced biological phosphorus
removal (EBPR) and BNR processes (Sections 10.7 and 10.8), membrane bioreactors (MBR) (Chapter 10
and Section 15.4.10), advanced oxidative processes (AOP) (Section 11.8), and innovative design and appli-
cation of UV lamps for disinfection (Section 11.9). Wastewater treatment and sludge management pro-
cesses are summarized in Tables 6.8 and 6.10. Many proprietary processes are commercially available
that utilize innovative processes. Equipment and process performance and reliability are essential for con-
sistently meeting the permit requirements and effluent reuse criteria. The performance of a plant is mea-
sured in terms of conventional parameters, toxicity and microbiological quality. The reliability is measured
as probability that an equipment and process meet the performance criteria over an extended period
of time.
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In 2010, Superstorm Sandy revealed just how big of an impact a natural disaster can have on water and
wastewater infrastructure. It is perhaps the ultimate wake-up call that gives a sense of vulnerability of our
infrastructure and need for improvements. Technological innovations and higher safety factors may be
utilized to achieve greater resiliency against damage caused by the raging nature.'""?

1.3.7 Reduction in Sludge Quantity, Nutrients Recovery, and
Biosolids Reuse

Safe and cost-effective disposal of wastewater sludge is one of the biggest challenges currently facing the
industry. Innovative technologies are being investigated to reduce the quantity of sludge. Among these are
pretreatment of sludge (Section 13.10.1), enhanced anaerobic digestion (Section 13.10.2), and resource
recovery (Section 13.10.3). The partial nitritation/Anammox (PN/A) process is also important for side-
stream treatment of municipal wastewater (Section 13.10.4).

Hydrolysis of waste activated sludge (WAS) by alkaline treatment followed by ultrasonic treatment
improves the subsequent biotransformation of organics into fatty acids. Hydrolyzed sludge undergoes
improved volatile solids destruction, enhanced methane generation, and reduced quantity of digested
sludge. Other development is temperature-phased anaerobic digestion (TPAnD) which also achieves sim-
ilar results.%”"*

Protein recovery from WAS has great potential for animal feed, and quantity of sludge solids reduc-
tion. The biosolids are hydrolyzed by alkali treatment separately or in combination with ultrasonication.
The extracted protein contains all the essential amino acids and is suitable for animal feed
supplement.'>'®

Phosphorus removal from the wastewater is aggressively pursued by the regulatory agencies even at
great cost. Phosphorus along with nitrogen and potassium are the essential component of (N-P-K) fertil-
izer. It is now realized that phosphorus is a limited resource. Current practice is not sustainable, and phos-
phorus must be recovered and reused. Phosphorus recovery from wastewater sludge is in the form of
magnesium ammonium phosphate (MgNH,PO, - 6H,0) called struvite. The rich source of phosphorus
recovery is the wasted biomass from EBPR process. Under anaerobic environment, the phosphorus is
released from the biomass and recovered as struvite by precipitation, electrochemical processes (ECPs),
or bioelectrochemical systems (BESs).'””" Another source of phosphorus recovery is sidestream. The
phosphorus is recovered as struvite in a fluidized-bed reactor.?® Beneficial reuse of biosolids has increased
in recent years because of environmental constraints and increasing costs of many other disposal alterna-
tives (Sections 13.4.4 and 13.11.5). There has been technical advancement in sludge processing and stabi-
lization to produce Class A biosolids that meets the heavy metals and pathogen requirements. It is suitable
for application over farm lands, home gardens, nurseries, and golf courses. Class B biosolids is of lower
quality and is applied over agricultural land, forests, and reclamation sites. Still there are public concerns
over many beneficial uses of biosolids. Finding better methods for biosolids processing, reuse, and disposal
will remain highest priority for the future.

1.3.8 Effluent Disposal and Reuse

Communities worldwide are facing water supply challenges, the increasing water demands combined with
drought make water scarcity a real issue. Wastewater renovation and reuse as a resource is U.S. EPA’s top
promotional goal for the future. Wastewater effluent projects for nonpotable end uses are a common prac-
tice worldwide. Documented uses are irrigation in urban areas, agricultural (food and nonfood crops),
industrial, recreational, and groundwater recharge. These uses are discussed in detail in Section 12.5. It
is estimated in the 2012 CWNS that about $6.1 billion (January 2012 dollars) will be needed between
2012 and 2032 for the improvements in recycled water distribution systems (Table 1.2).”
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In many regions, the utilities are water-stressed and will sooner or later be compelled to investigate
water reuse with two options: indirect potable reuse (IPR) or DPR.*'~>* IPR involves releasing reclaimed
water into groundwater or surface water resource then reclaiming it and treating it to meet the drinking
water standards. IPR water undergoes environmental purification before treatment. It has positive public
perception but not 100% backed by communities, and is more expensive because same water is treated
twice. The DPR is purified water created from treated wastewater and is introduced directly into
municipal water supply system without any environmental buffer. Sometimes it is referred to as
“pipe-to-pipe” reuse. The concept is difficult to sell to the public, although it provides cost savings,
reduced carbon footprint, and is less vulnerable to natural or manmade disasters. However, the DPR
does have some safety concerns, face negative public perception, require large storage buffer before dis-
tribution, and require extensive monitoring program. Because of natural buffer, the IPR will be more
acceptable than DPR.

Numerous toxicological and epidemiological studies support that IPR is reliable, safe, and sustainable
urban resource. There is, however, some perceived reservations amongst the communities about the safety
and quality of recycled water particularly DPR, and should be considered an option of last resort.”*** Dis-
cussion on health risk analysis of water reuse is presented in Section 12.3.

Over the next decade, it is expected that many more epidemiological studies will be conducted with IPR
and DPR, development of newer treatment and monitoring technologies, building and maintaining public
trust, and ensuring a fair and sound decision-making process and outcome.

1.3.9 Control of Combined Sewer Overflows and Stormwater Management

The discharges from CSO, sanitary sewer overflow (SSO), stormwater runoft, and other NPS during wet
weather have been recognized as a serious and difficult national problem. The sources of SSO are surcharge
from stormwater entry, blockage, or structural, mechanical, or electrical failures. Pollution resulting from
these sources often has prevented the attainment of mandated water quality standards, and closures of
recreational beaches and shellfish beds. To control pollution from CSO and SSO, many techniques are
applied. Some of these are: construction of new separate sewer and storm drainage systems, treatment
at the overflow or discharge outlet, storage followed by treatment under dry weather conditions. All these
techniques are expensive to build and operate. It is reported in the 2012 CWNS that $48 billion (January
2012 dollars) will be needed up to 2032 for correction of CSOs (Table 1.2).

On December 8, 1999, The U.S. Congress authorized states to implement the NPDE Stormwater Pro-
gram (Stormwater Phase II rule).”” It regulates point and nonpoint stormwater discharges. The peak flow,
volume, and quality are tied intimately to the land use. Potential sources of point sources are: municipal
separate storm sewer systems (MS4s), construction and industrial activities. Permit is required for
these discharges.

The NPS pollution is drainage from diffused sources such as roads, buildings, lawns, drainage pipes,
landscapes, agriculture, forests, and other undeveloped lands. The diffused runoffs carry pollutant into
drainage ditches, ponds, lake, wetlands, rivers, bays, and aquifers. The federal CW A requires states to min-
imize NPS pollution from land use activities such as agriculture, urban development, forestry, recreational
activities, and wetlands. To control runoff in both urban and suburban areas, buffer strips (grassy barrier,
retention ponds, and porous pavements) may be considered. Restoration methods such as constructed
wetlands are provided to slow down the runoff and absorb contamination. U.S. EPA has taken a number
of actions to practice sustainable stormwater management and use low impact development (LID) tech-
niques and natural wet weather green infrastructure. Effective public education program is essential to
involve state and local governments, volunteer groups, water quality professionals, and general public
to participate in watershed management efforts.”>>® It is estimated in the 2012 CWNS that nearly
$19.2 billion (January 2012 dollars) will be needed up to 2032 for stormwater management program
(Table 1.2).° This is a priority area in national water quality improvement efforts, and rapid growth is
expected in this sector of the industry.
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1.3.10 Decentralized and On-Site Treatment and Disposal

Early thinking during the construction grants program was given to areawide wastewater planning and
management. Centralized regional facilities were built to apply best practicable waste treatment technol-
ogy. Experience has shown that regional facilities require pumping wastewater from service areas located
in different watersheds. For this reason, such facilities became energy and resource intensive. Also, serious
environmental problems developed as a result of processing large quantities of wastewater and sludge at
one location.

There is renewed interest in the concept of satellite or decentralized wastewater treatment systems in the
overall context of economics, innovative energy-efficient technology, and reuse of effluent and sludge.
Small communities in rural areas find construction and maintenance of sewerage systems very expensive
and in many cases impractical. For this reason, the planning, design, construction, and management of on-
site systems for individual and cluster of homes and small establishments appear more practical and less
expensive. Many innovative processes have been developed for such applications, and continued growth in
this area is expected.

1.3.11 Technology Assessment and Implementation

Implementing new technologies in wastewater industries has always been a slow process. There are com-
plex federal, state, and local requirements that slow down the acceptance, adaption, and implementation.
One of the priorities of U.S. EPA is to break this cycle. Testing and evaluation of these technologies by
independent third party will be promoted and adapted. Such effort will certainly enhance the pace for
implementation. Additionally, smart sensor technology, telemetry, and remote sensing of water quality
data will be developed and applied. More cost-effective leak detection and rehabilitation techniques and
more emphasis on green infrastructure for stormwater management can be implemented. Also, new tech-
nologies and operational controls will be applied to lower the cost of maintaining the small wastewater
systems with greater reliability.

1.4 Wastewater Treatment Plants

Planning, design, and process analysis of wastewater treatment plants involves understanding of service
areas, sources and characteristics of wastewater and conveyance system, and treatment processes for liquid
and residues. Many factors such as legal issues, regulatory constraints, public participation, effluent dis-
charge or reuse, and sludge disposal may influence planning and design. Also, the design period for the
facility may be 20 years or more. During this period, technology may change, new laws may be passed
and effluent standards may become tighter. Engineers must consider these possibilities and select the pro-
cesses that are flexible to remain useful and can be upgraded. Also, it is important to recognize that a treat-
ment plant has many processes arranged sequentially in a process train. The performances of individual
processes affect each other and the overall quality of the plant effluent.

Nowadays, many computer programs are commercially available and are used extensively in design and
operation of wastewater facility. The designer can compare the alternative processes and process trains
with a speed that was not possible in the past. The supervisory control and data acquisition (SCADA) sys-
tem and expert system can provide operators with accurate process control variables and operation and
maintenance records. The computational fluid dynamics (CFD) simulations are applied to design new
systems, and optimize the operation of many processes. Also, the dynamic models can be integrated
with process control system to optimize ongoing operation. Many commercially available computer
programs for process modeling and CFD analysis are presented in Sections 10.8.4, 10.9.3, and 11.10.

In recent years, many wastewater treatment facilities are privatized. Privatization is public—private part-
nership. Normally, the private partner arranges the financing, design-builds, and operates the treatment
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facility. In some cases, the private partner may own the facility. The private financing is the main reason for
privatization, but loss of local control is the major concern against privatization. It is expected that privat-
ization trend may continue.

1.5 Scope of This Book

The objective of this book is to present theory and design concepts of wastewater treatment and reuse. It is

a consolidated resource of valuable quick-and-easy access to theory and design examples and step-by-step
solutions for complete spectrum of wastewater treatment from fundamentals to advanced technology.
These numerical examples and solutions enhance the reader’s comprehension, deeper understanding of
the basic concepts, and master the problem-solving techniques. The subject matter covered in this
book includes reaction kinetics, mass balance and reactors; equalization; preliminary, primary, secondary
treatment, BNR and advanced treatment; and effluent and biosolids reuse. It is expected that a cross-sec-
tion of simple to advanced problem will benefit undergraduate and graduate students, researchers, educa-
tors, and professionals.

Discussion Topics and Review Problems

1.1  What parameters are included in the national standard for secondary treatment and their maximum
30-day average allowable concentrations?

1.2 What is chronic toxicity and what class of compounds are associated by chronic toxicity? What are
the health effects of many of these compounds resulting from long-term exposure?

1.3 With reference to chronic toxicity, define the following terms: biomonitoring, TRE, dose-response
curve, NOAEL, LOAEL, and ADL

1.4 Review Example (10.161), list the fractionation components of total nitrogen that is used in com-
puter simulation.

1.5 What are the sources of sidestreams? If side streams are returned to the head of the plant, how will
they change the influent quality to the plant? List the treatment processes commonly used to treat
the sidestream.

1.6 Define infiltration and inflow (I/I). What is the normal I/I allowance for design of laterals and
submains, and I/I allowance for mains and trunk sewers.

1.7  Describe anaerobic process and biogas generation. Based on rule of thumb, what is the rate of gas
generation in m” per kg of volatile solids stabilized?

1.8 Review various treatment processes listed in Table 6.8. These processes are used for treatment of
bulk liquid. Describe conventional activated sludge, trickling filter processes, and membrane
bioreactor.

1.9 Review various treatment processes listed in Table 6.10. These processes are used for treatment of
sludge. Describe gravity thickener and belt filter press.

1.10 Define IPR and DPR. List your concerns about IPR as a water supply source in your community.

1.11 Review sections on Public Education and Public Involvement in Reference 28 As a concerned
citizen, what actions would you take for watershed management to reduce contaminants from non-
point source discharges?
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Stoichiometry and
Reaction Kinetics

2.1 Chapter Objectives

Stoichiometry deals with chemical reactions and the numerical relationships between the reactants and the
products. Chemical reactions are classified based on their reaction kinetics. Reaction kinetics is the study
of the rates of chemical reactions at which reactants are consumed, or products are formed in a stoichio-
metric reaction. The objectives of this chapter are to review:

 Stoichiometric homogeneous and heterogeneous reactions

o Reaction rates: zero-order, first-order, second-order, and saturation-type and enzymatic reactions
o Effect of temperature on reaction rate

o Reaction order data analysis and design

« Nitrification reactions, equations and solutions, and graphical representation

o Parallel irreversible reactions

e Derivation and application of type II of second-order reactions

2.2 Stoichiometry

A typical stoichiometry reaction is expressed by Equation 2.1.

aA+bB<« cC+dD (2.1)

where
A and B =reactants
C and D = products
aand b = stoichiometric coefficients of reactants A and B, mole
cand d = stoichiometric coefficients of products C and D, mole

The stoichiometric reactions are used to (1) determine the number of moles of reactants entering into
the reaction, and (2) the number of moles of products produced.
There are two principal types of reactions: (a) homogeneous and (b) heterogeneous (or nonhomogeneous).

2.2.1 Homogeneous Reactions

In homogeneous reactions, the reactants are distributed uniformly throughout the fluid. As a result, the
potential for reaction at any point within the fluid is the same. These reactions may be irreversible or
reversible. The irreversible reaction represented by one arrow continues to occur in the forward direction
until equilibrium is reached. For reversible reaction, double arrow is employed. This means that the reverse

2-1



2-2 Volume 1: Principles and Basic Treatment

reaction is significant. When the rate of forward reaction equals the reverse reaction, the system is in a
state of equilibrium. In fact, both forward and reverse reactions may be occurring, but their rates are
balanced, so there is no overall change in the concentrations with time. Examples of these reactions are
expressed by Equations 2.2 and 2.3.

Irreversible Reactions: Irreversible reactions are single and multiple.

Single reactions are characterized by reactants that produce only one product as shown below:

A—P (2.2a)
A+A—>P (2.2b)
A+B—P (2.2¢)

where P = product

Multiple reactions can be either parallel or consecutive reactions.
Parallel Reactions: In parallel reaction, a reactant produces two products in a competitive reaction
(Example 2.27).

7k
A
~sp (2.2d)
2
where P, and P, = products

Consecutive or Series Reactions: In these reactions, the product of one step becomes the reactant of the
subsequent reaction steps (Example 2.25).

A—P —P, (2.2¢)

Reversible Reactions: Reversible reactions are characterized by forward as well as reverse reactions
occurring simultaneously (Example 2.9).

A< P (2.3a)

A+B< C+D (2.3b)

2.2.2 Heterogeneous Reactions

Heterogeneous reactions take place on specific sites such as those on an adsorbent and exchange resins.
The reaction may involve (1) transport of reactants from bulk solution to solid-liquid interface, and
transport of products from interior sites to outer surface, (2) adsorption at interior sites, and (3) chemical
reaction of adsorbed reactants and desorbed products."

EXAMPLE 2.1: QUANTITY OF BASE TO NEUTRALIZE ACID
In an accident, 500 Ib of hydrochloric acid spilled into a stagnant pool. Calculate the quantity of 95% Ca

(OH), required to neutralize the acid. Also, demonstrate that mass is conserved (in the stoichiometric
equation, mass of reactants (negative sign) + mass of product (positive sign) = 0).

Solution

1. Write the stoichiometric reaction (irreversible).

2 HCl + Ca(OH), — CaCl, + 2 H,O
2 moles of HCI react with one mole of Ca(OH),.
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2. Calculate the moles of HCI neutralized (#3y¢y).

= 5001b HCI x 453.6 g/Ib ! = 6214 mole HCl
el = x 4536 8/lb x 36.5g/mole HCl ot

3. Calculate the moles of Ca(OH), required for neutralization.

1 mole Ca(OH),

TmoleHCl = 3107 mole Ca(OH),

Nica(oH), = 6214 mole HCI x

4. Calculate the quantity of 95% lime required.

Quantity of lime required

= 3107 mole Ca(OH), x 74 g/mole Ca(OH), x = 5341blime

1
0.95 (purity) - 453.6g/Ib

5. Demonstrate that the mass is conserved.

Mass of reactants = —2 moles of HCI x 36.5 g/mole HCI —1 mole Ca(OH), x 74 g/mole Ca(OH),
=—_147g

Mass of products = 1 mole CaCl, x 111 g/mole CaCl, + 2 mole H,O x 18 g/mole H,O
=147¢g

Mass of reactants + mass of products = —147 g+ 147g=0

EXAMPLE 2.2: QUANTITY OF GASEOUS PRODUCT

CaCO:s is heated to produce anhydrous lime (CaO). Calculate the quantity of CaO and CO, produced for
each ton of CaCOj; heated.

Solution

1. Write the stoichiometric reaction equation.

CaCOs3 ? CaO + CO,
eal
1 mole of CaCOj; produces 1 mole of CaO and 1 mole of CO,.
2. Calculate the number of moles of CaCOj3 in one ton of CaCOs3 heated.

g 1
= 1ton CaCO; x 20001b/ton x 453.6 > x ———————— = 9072 mole CaCO
7caco, on At /ton b~ 100 g/mole CaCO; foletat-ts

3. Calculate the number of moles of CaO and CO, produced.

1 mole CaO

fcao = 9072 mole CaCO;3; x m = 9072 mole CaO
1 mole CO

nco, = 9072 mole CaCO; X Bt e 9072 mole CO,

1 mole CaCO3
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4. Calculate the quantity of CaO and CO, produced.

1
CaO = 9072 mole CaO X 56 g/mole CaO x ————— = 11201b CaO
453.6 g/Ib
1
CO, = 9072 mole CO; x 44 g/mole CO, X m = 8801b CO,

5. Demonstrate that the mass is conserved.

—20001b CaCO; + 1120 1b CaO + 880 1b CO, = 0

EXAMPLE 2.3: OXYGEN CONSUMPTION

Calculate the theoretical amount of oxygen required to completely burn 50 Ib of sugar (CsH;,06).

Solution

1. Write the stoichiometric reaction.

C6H1206 TP 602 = 6C02 P 6H20

1 mole of sugar reacts with 6 moles of O,.
2. Calculate the mole of sugar incinerated.

1

cuear = 501b 4536g/lbx —
sug sugar x g/lb 180 g/mole sugar

= 126 mole sugar

3. Calculate the theoretical amount of oxygen (O,) required.

6 mole O,
no, = 126 mole sugar x —————— = 756 mole O,
1 mole sugar
Th tical t of (@) 756 mole O, X 32 g/mole O ! 53.31bO
eoretical amount of oxygen, O, = 756 mole O, x mole Oy X ————— = 53.
Yen, L2 2% 228 2% 4536g/lb 2

2.3 Reaction Rates and Order of Reaction

The reaction rate is a mathematical expression describing the rate at which the mass or volume of a sub-

stance changes with time. Reactants have negative rates of reaction, and products have positive rates

of reaction.

The controlling stoichiometry and the rate of the reaction are of principal concern in process selection
and design. Many reactions have rates that are proportional to the concentration of one, two, or more of

the reactant power. In this section, many examples and relationships between the rates of reaction, reac-

tants, and products are presented.'™
The generic chemical reaction is expressed by Equation 2.4 and the rate law describing the decrease in
concentration of chemical A with respect to time is written by Equation 2.5.

A — Product (2.4)

__dlA]l
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where
A =reactant A that is converted to some unknown product
r = overall rate of reaction, mole/L-t. The time () may be in an unit of s, min, h, or d.
[A] = molar concentration of A at any time ¢, mole/L
k = reaction rate constant, (mole/L)lfn 71
n = an exponent that is typically determined through an experiment and used to define the order of

the reaction with respect to the concentration of reactant(s), dimensionless

The order of reaction in chemical kinetics is the power to which its concentration term in the rate equa-
tion is raised. Depending upon the condition, the reaction rate may be:

n = 0 for the zero-order reactions,
n =1 for the first-order reactions, and
n = 2 for the second-order reactions.

2.3.1 Reaction Rates

The definition and basic information on irreversible and reversible reactions are presented in Section 2.2.1.
The reaction rates of different order reactions are presented in Examples 2.4 through 2.9.

EXAMPLE 2.4: RATE OF SINGLE REACTION

A generalized stoichiometric single irreversible reaction is given by the expression:a A+ bB — cC+dD
(Equation 2.1). Express (a) overall rate of reaction, and define all related terms, (b) relationships
between the rates of overall reaction and each individual reaction, and (c) relationships between the
reaction rates of reactants and products.

Solution

1. The overall reaction rate is defined by Equation 2.6.

r = k[A]"[B) (2.6)
where

r = overall rate of reaction, mole/L-t

k = reaction rate constant, (mole/L)'~*™.t~1

[A] and [B] = molar concentrations of reactants A and B, mole/L
aand B = empirical exponents that are used to define the order of reaction with respect to reac-
tants, dimensionless. The exponents & and f are usually 0, 1 or 2.

2. Express the relationships between the rates of overall reaction and each individual reaction.

Ta_ _"_Tfc_™ _ r_IrAI_@_Lc_LD
a b ¢ d a b c d
3. Express the relationships between the reaction rates of reactants and products.

Using the reactant A and product C as an example, the ratio of the rates must equal to the ratio of the

stoichiometric coeflicient of reactant A to that of product C.

rA a |ral a
=== o —==

rc Cc rc Cc

Similarly, the ratios of reaction rates between any other reactants and products can also
be established.
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EXAMPLE 2.5: REACTION ORDER AND UNITS OF REACTION RATE CONSTANT

The overall rate of reaction of a single reversible reaction is given by the equation: r = k [A][B]?. Deter-
mine (a) the order of reaction, and (b) units of reaction rate constant.

Solution

1. Determine the order of reaction.
The overall reaction r = k [A][B]>
The reaction is the first order with respect to reactant A.
The reaction is the second order with respect to reactant B.
The reaction is the third order with respect to overall reaction.
2. Determine the units of reaction rate constants.
The reaction rates of and units for individual reactants can be written as follows:

A

% = ra = ka[A] (first-order reaction)
. ra  mole/Lt |

Unitfor ky = —~=————=

fLor fa [A] mole/L
d[B
% = rg = kp[B]* (second-order reaction)
Unitfor ky = 12 — mole/Lt _ L

[B*  (mole/L)*> mole-t
r = k[A][B]? (third-order reaction)
ro mole/L-t _ L2
[A][B]* ~ (mole/L)(mole/L)>  mole-t

Unit for k =

EXAMPLE 2.6: REACTION RATE FOR SINGLE REACTION

A single irreversible first-order reaction has only one reaction step. A generalized stoichiometric single
reaction is given below. Determine the rates of reaction for the reactant and each product as a function
of reaction rate constant k and molar concentration of A.

3A—2B+C

Solution

1. Express the overall rate of reaction.
r = k[A]

2. Determine the rates of reaction of individual reactants.

a b ¢

ra = —ak[A] = —3k[A]
rp = bK[A] = 2k[A]

rc = ck[A] = k[A]

Note: The r5 has negative sign because the concentration of [A] is reduced.
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EXAMPLE 2.7: REACTION RATE OF CONSECUTIVE REACTION

In a consecutive first-order reaction, the product of one step becomes the reactant of the subsequent
reaction steps. A consecutive irreversible reaction is given below. Determine the stoichiometric
reaction relationships.

k k
aA—5>bhB—=>¢C

Solution
1. Express the overall rates of reactions, assuming the first-order reaction.

A _ T,

n=—"="l=k[A]
n=—"2_C kB
b c

Note: The rp represents generation of B; and the rate rp, represents reduction in B and has
negative sign.
2. Express the rates of reaction of individual reactants with respect to overall rate.

ra = —ary
rg = rp, + 13, = bry — br,

rc = —cr;
3. Express the rates of reaction of individual reactants with respect to concentration remaining.
ra = —ak;[A]
rp = bk [A] — bk,[B]
rc = —ck,[B]

Proper signs should be used in the above reaction rates.

EXAMPLE 2.8: NITRIFICATION OF AMMONIA, A CONSECUTIVE REACTION

A classic example of consecutive reaction in environmental engineering is nitrification of ammonia
expressed by the following expression. Develop the stoichiometric reaction relationships.

0O, & Nitrosomonas, k; _ O, & Nitrobacter, k, _
NH; NO; NO;

Solution

1. Express the overall rates of reactions, assuming first-order reaction.
11 = —INH, = (No;), = Ki[NH;]
r = —1Noy), = No; = k2 [NO{ ]
2. Express the rates of reaction of NH;, NO;, and NO3 .
N, = —ki[NH;]
™o; = rNojy), 1+ rNoy),
mo; = ki[NH;] — k2[NO; |
™oy = ks [NOZ_ ]

2-7
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EXAMPLE 2.9: SINGLE REVERSIBLE REACTION

A single reversible first-order reaction is given below. Express the reaction rates of reactants.
ky
aA<—bB
k2

Solution
1. Express the overall reaction rates.

M

n=--r == ki[A],
n=—oh R,
b a
where

ra, = expresses decrease in concentration of A due to forward reaction
Ta, = expresses increase in concentration of A due to reverse reaction
B, = expresses increase in concentration of B due to forward reaction
B, = expresses decrease in concentration of B due to reverse reaction

2. Express the individual rates of reaction in terms of overall reaction rate

TA =Ta, +1p, = —ar; +an

rg = rp, + 1, = br; — br,
3. Express the individual rates of reactions in terms of concentration.

ra = —aki[A] + aky[B]
rp = bki[A] — bk, [B]

2.3.2 Saturation-Type or Enzymatic Reactions

The saturation-type reactions reach a maximum rate. After reaching the maximum rate, the reaction
becomes independent of the concentration of the reactants. The reaction rate constant of a simplified
saturation-type reaction a A — b B is given by Equation 2.7a.
r= M (2.7a)
K, +[A]
where
r = overall reaction rate of saturation reaction, mole/L-t
k = maximum reaction rate, mole/L-t
K, = half-saturation constant or substrate concentration at one-half the maximum reaction rate,
mole/L

The relationship between the constants k and Kj are indicated in Figure 2.1.

In a saturation-type reaction, the reaction rate r reaches the maximum rate of reaction k and the half-
saturation constant K is equal to the substrate concentration at which the reaction rate r is one-half of
maximum (r = (1/2)k).

Equation 2.7a may be modified to develop a linear relationship to obtain the coefficients k
and K,. The procedure involves inversing Equation 2.7a to develop a linear relationship that is
expressed by Equation 2.7b.
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FIGURE 2.1 The relationship between substrate concentration and reaction rate in saturation-type reaction:
(a) reaction rate r reaching to a maximum rate of k and (b) linear representation of the data.

1 K1 1
==t 2.7b
F kAl Tk (2.75)
A plot of 1/r versus 1/[A] gives a linear relationship as shown in Figure 2.1b. The slope of the line is
K /k and the intercept is 1/k. From these relationships, the coefficients k and K, can be obtained.
More complex saturation reactions are used to express the specific substrate utilization rate, and specific

biomass growth rate with respect to substrate concentration remaining and kinetic coefficients. This topic
is covered in detail in Chapter 10, Section 10.3.2, Examples 10.28 through 10.30.

EXAMPLE 2.10: TWO LIMITING CASES OF SATURATION-TYPE REACTION

Two limiting cases of enzymatic reaction are commonly developed from Equation 2.7a. Express these
limiting cases.

Solution

Two limiting cases of enzymatic reactions are dependent upon the substrate concentration. These are
described below:

1. Expression for the substrate in excess.

When the substrate concentration is much greater [A] >> K, and K; + [A] & [A], the reaction rate
is approaching the maximum rate and is independent of the concentration of [A]. It is derived from
Equation 2.7a and is expressed by the equation:

k[A] _ K[A]

r=———~——, or r=k This is a pseudo zero-order reaction.
KAl [A] ( P )

2. Expression for the limited substrate.
When the substrate concentration is small [A] << K, and K; + [A] ~ K; (or a constant), the rate of
enzymatic reaction is derived from Equation 2.7a and is expressed by the equation:

k[A] __K[A]

r= ]
K +[A] K

k
, or r=k[A] and K = = (This is a pseudo first-order reaction.)
S
Many enzymatic reactions are function of the product. Examples are the number of microorganisms
that increases in proportion to the number present. These reactions can be first order, second order, or
saturation type.
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EXAMPLE 2.11: REACTION RATES OF AUTOCATALYTIC REACTIONS

A reaction is autocatalytic if the rate is a function of the product concentration. A generalized single reac-
tion is given by: a A — bB. Express the stoichiometric reaction relationships of these autocatalytic
reactions.

Solution

The autocatalytic reactions can be first order, second order or saturation type. The first- and second-order
reactions are as follows:
1. First-order autocatalytic reaction.

a. Express the overall reaction rate.

r = k[B]

b. Express the individual reactant and product reaction rates.
ra = —ar = —ak[B]
rg = br = bk[B]

2. Second-order autocatalytic reaction or partially autocatalytic reaction.
a. Express the overall reaction rate.

r = k[A][B]

b. Express the individual reactant and product reaction rates.
ra = —ar = ak[A][B]
rg = br = bk[A][B]

Other examples of pseudo first-order reaction are when the concentration of one component
remains constant during the reaction. Example of such reactions are (1) the initial con-
centration of one reactant is much higher than that of the other, (2) concentration of one reac-
tant is buffered such as alkalinity remaining unchanged by dissolution of CaCO3, and (3) one
reactant is supplied continuously. In these situations, a pseudo first-order reaction is used.

EXAMPLE 2.12: PSEUDO FIRST-ORDER REACTION RATE
Consider an irreversible elementary reaction. Assume [A] &~ [Ao] and [Ao] > [Bo], where A, and By are

initial concentrations. Express the modified pseudo first-order overall reaction rate.

Solution

1. Express the irreversible elementary reaction.
aA+bB— cC+dD

2. Express the rate law for the reaction.
r = k[A]'[B]’

3. If concentration of A does not change significantly during the reaction, the concentration of [A]
remains essentially constant. Assume [A]? ~ K, the overall reaction rate is expressed below.

r = kK[B]°= K'[B]® and k' = k[A]

Volume 1: Principles and Basic Treatment



Stoichiometry and Reaction Kinetics 2-11

2.4 Effect of Temperature on Reaction Rate

Reaction rates are strongly affected by temperature change, but the reaction stoichiometry is not affected.
The temperature effects are expressed by Equation 2.8. This is a modified form of the van’t Hoff-Arrhenius
relationship.'

kr = Ae E/RT (2.8)

where
kt = reaction rate constant, variable unit
A =van’t Hoff-Arrhenius coefficient, d '
E = activation energy, J/mole
R = universal gas constant, 8.314 J/mole-°K
T =temperature, °K

EXAMPLE 2.13: SIMPLIFICATION OF VAN'T HOFF-ARRHENIUS
EQUATION

Equation 2.8 is the generalized van’t Hoff-Arrhenius equation. Simplify this equation for water and
wastewater applications.

Solution

The ratio of k at two temperatures T; and T, may be written as follows:

kr,  Ae E/RT: g R’ E (T, T))
L= =exp|— — = [ = exp| = (T2 —
kr,  Ae B “PlRT T RT,| T “PlRTiT 2T !

E
sz = le exp[m(Tz o Tl)] (29)
142

In the range of 0—35°C the exp [E/RT,T,] is considered approximately constant and Equation 2.9 is
reduced to Equation 2.10.

kr, = kr, o(T2—T1) (2.10)

where 6 = temperature coefficient, dimensionless

The value of 0 varies slightly with temperature. The value of 6 in different temperature ranges are:

Temperature, °C 0
4-20 1.135
20-35 1.047

EXAMPLE 2.14: REACTION RATE CONSTANT AT DIFFERENT
TEMPERATURES

The standard value of reaction rate constant is given at the standard temperature of 20°C. The typical
value of ky, (base e) for wastewater is 0.20 d~'. Determine the value of the reaction rate constant at
25°C. Assume 6 = 1.047.



2-12 Volume 1: Principles and Basic Treatment

Solution

The value of k,5 is obtained from Equation 2.10.

kg, = kr, o\ =T1)

kas = ky(1.047)%720 = 020d7! x (1.047)° = 0.20d7! x 1.258 = 0.25d"

2.5 Reaction Order Data Analysis and Design

For design of water and wastewater treatment facilities, the physical, chemical and biological processes are
used. Most commonly, the laboratory experiments are conducted to model the performance of reactors.
Valuable information such as order of reaction, reaction rate constants, and range and limits of these
reactions are developed through analysis of experimental data. Numerous examples on zero-, first-, and
second-order reactions are provided below to describe the procedures used in these analyses.

2.5.1 Zero-Order Reaction

If n = 0, the generic Equation 2.5 is reduced to Equation 2.11 with respect to the concentration of reactant.

ac
- =
where
C = concentration remaining of reactant after reaction time t, mg/L
t = reaction time, variable time unit (t)
k = zero-order reaction rate constant, mg/L-t

k (2.11)

This is the rate law that describes the zero-order reaction. In the zero-order system, the reaction pro-
ceeds at a rate independent of the concentration of the reactants. This is often the case when the reactant
is present in high concentration. Rearranging Equation 2.11 and integrating it, the concentration of C can
be expressed by Equation 2.12.

dC = —kdt

C t

j dC = —kjdt

Co 0

C=Cy—kt (2.12)

where C, = initial concentration or reactant at t =0, mg/L

Equation 2.12 is a linear relationship. If concentration data are plotted with respect to time, the result is
a straight line. The slope of the line is the zero-order rate constant k, which has unit of concentration/time
(e.g., mole/L-d). It is often useful to express a reaction in terms of half-life. The half-life, ¢, /,, is defined
as the time required for the concentration to decrease to one-half or C= (1/2)C,. Substituting this rela-
tionship in Equation 2.12, it is reduced to Equation 2.13.

1
EC()O = C() - ktl/z

1Cy
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EXAMPLE 2.15: REACTION ORDER, AND RATE CONSTANT

In a batch reactor, an industrial waste is exposed to UV radiation in the presence of a catalyst. The initial
concentration of an organic dye in the industrial waste was 3000 mg/L. Samples were withdrawn from the
reactor at different time intervals and the concentrations of organic dye remaining were measured. Fol-
lowing results were obtained. Determine (a) the order of the reaction, (b) calculate the reaction rate cons-
tant, (c) half-life, and (d) dye concentration remaining after 24 h of UV exposure.

Dye Concentration

Time, h Remaining, mg/L
0 3000
4 2800
3 2590
1 2380
16 2150
20 1990

Solution

1. Plot the concentration of dye remaining with time; draw the best-fit line and indicate the reaction
order. The graphical relationship is shown in Figure 2.2.

4000

3000 =

o R C=-5L5 ¢ + 3000

S v &
2 2000 >
J

1000

0
0 5 10 15 20
t,h

FIGURE 2.2 Zero-order destruction of organic dye (Example 2.15).

Since the dye concentration remaining represents a linear relationship, the reaction is zero order.
2. Determine the slope and k.
The slope of the line is the reaction rate constant.

Slope = k = -51.5 mg/L-h
3. Determine the half-life.
Co=3000mg/L

Use Equation 2.13 to calculate the half-life.

1  3000mg/L
iy ==

———=29.1h
27515 mg/L-h
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4. Determine the concentration of dye remaining after 24 h of UV exposure from Equation 2.12.
Use Equation 2.12 to calculate the concentration of dye remaining.

C = Cy — kt =3000mg/L — 51.5mg/L-h x 24h = 1764 mg/L

EXAMPLE 2.16: CONCENTRATION REMAINING

In the fermentation of sugar, an enzymatic reaction is utilized. Initial sugar solution was 0.15 mole/L.
After 4 hours of reaction, 10% sugar was converted into alcohol. Assuming no side reactions and
zero-order reaction rate, calculate (a) reaction rate constant, (b) concentration remaining after 12 h,
and (c) half-life.

Solution
1. Calculate the concentration of sugar remaining after 4 h.
C=(1-0.1) x 0.15mole/L = 0.135 mole/L
2. Calculate the reaction rate constant.
Use Equation 2.12 to calculate the reaction rate constant.
C=Co—kt
0.135mole/L = 0.15mole/L — k x 4h
1
k= T (0.15 mole/L — 0.135 mole/L) = 3.75 x 10~° mole/L-h
3. Calculate the concentration of sugar remaining after 24 h.
Use Equation 2.12 to calculate the concentration of sugar remaining.
C = Cy — kt = 0.15mole/L — 3.75 x 107> mole/L-h x 24h
= 0.15mole/L — 0.09 mole/L = 0.06 mole/L
4. Calculate the half-life.
Use Equation 2.13 to calculate the half-life.

1 0.15 mole/L

= —20h
2 %375 x 102 mole/Lh

by =

EXAMPLE 2.17: REACTION RATES OF REACTANTS

Gaseous ammonia is produced in a catalytic experiment utilizing the Haber process: N, + 3 H, —
2 NHj. The measured generation rate of ammonia (dCyp,/dt) was 2.0 x 10~* mole/L:s. If there were
no side reactions, calculate the rate of reaction of (a) N, and (b) H, expressed in terms of NHj.

Solution

1. Calculate the reaction rate of N,.
The balanced equation N, + 3 H, — 2 NH; indicates that ammonia is produced at twice the utili-
zation rate of N,. This means that the reaction rate of N, is half that of NHj;.

dG 1dC 1
N o= Z 2.0 x 107 mole/L-s = 1.0 x 10~ mole/L-s
dt 2 dt 2
dCy,

dt

= —1.0 x 10~* mole/L-s

Volume 1: Principles and Basic Treatment
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2. Calculate the reaction rate of H,.

dG 3dC 3
T 2T 2 2.0 x 107 mole/L-s = 3.0 x 10~* mole/L-s
dt 2 dt 2
dCy,

dt

= —3.0 x 10~* mole/L-s

2.5.2 First-Order Reaction
If n =1, the generic Equation 2.5 becomes Equation 2.14.
ac
dt
This is the rate law for the first-order reaction. This suggests that the reaction rate is dependent upon the
concentration of the chemical remaining. As reaction continues, the concentration C remaining decreases

with time. Therefore, the first-order reaction rate slows down over time. Equation 2.14 is rearranged and
integrated with respect to time to give Equations 2.15a and 2.15b.

kC (2.14)

dC = —kdt

t

1

C

C

J-ldC— —kjdt
. =

Co

0

C
In(=)=-
n(c()) kt

C=Ce™ (2.15a)
In(C) = In(Cy) —kt or C=Cy107* (2.15b)
where

k = the first-order reaction rate constant to the base e, t !

K = the first-order reaction rate constant to the base 10, t !

Equations 2.15a and 2.15b express an exponential decay. The semi-log plot of this equation will give
a linear relationship, and slope of the line is the reaction rate constant. The half-life for the first-order
relationship is expressed by Equations 2.16a and 2.16b.

0.693

t1/2 = T (216a)
0.301

hp == (2.16b)

EXAMPLE 2.18: DETERMINATION OF FIRST-ORDER REACTION RATE
CONSTANT FROM GRAPHICS

The following COD data have been collected from a batch biological reactor study with an acclimated
culture of microorganisms. Prepare arithmetic and semi-log plot of the data. Determine the reaction
rate constants to the base 10, and to the base e.
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t,h 0 3 5 7 10 12 15
C, mg/L COD 350 178 110 75 35 20 13
Solution

1. Prepare the arithmetic and semi-log plot of COD data.
The arithmetic and semi-log plots of COD data are illustrated in Figure 2.3a and b.

() 400 (b)3

N
8 300 ) Log(C) = -0.098 ¢ + 2.5
S \ S \
o <)
= — 1 b
o 100 \

|
0 r 0
0 5 10 15 0 5 10 15
t,h t,h

FIGURE 2.3 Graphical presentation of COD data: (a) arithmetic plot and (b) semi-log plot (base 10) (Exam-
ple 2.18).

2. Determine the reaction order.

The arithmetic plot is nonlinear while the semi-log plot shows a linear relationship. Therefore, the
data represents the first-order reaction rate.

3. Determine the slope from the semi-log plot.
Slope = —0.098 h™*
4. Determine the reaction rate constants to the base 10 and to the base e.
The slope of the line is the reaction rate constant K (base 10) = 0.098 h=.
Based on the relationship given in Equations 2.15a and 2.15b, k (base e) is calculated.

10—1(: — e—kt

— Ktlog(10) = —ktlog(e)

— Kt x1=—ktx0434 or K =0434k or k=2.03K
K 0098

= =023h7!
0.434 ~ 0.434

EXAMPLE 2.19: DETERMINATION OF REACTION RATE CONSTANT BY
CALCULATION

Determine the reaction rate constant from the data in Example 2.18.

Solution
1. Select the reaction rate equation.
Assume first-order reaction rate. Determine k (base e) from Equation 2.15a.

C = Cye ™



Stoichiometry and Reaction Kinetics 2-17

k= —lln<£>
t Co

2. Apply the data of Example 2.18.

t,h C, mg/L C£0 In <C£0> 7%ln <C£0>’ h!
0 350 1.000 0 —
3 178 0.509 —0.676 0.23
5 110 0.314 —1.157 0.23
7 75 0.214 —1.540 0.22
10 35 0.100 —2.303 0.23
12 20 0.057 —2.862 0.24
15 13 0.037 —3.293 0.22

Average = 0.23

3. The reaction rate constants for every data point are approximately the same. Therefore, the plot is
linear, and the assumption for the first-order reaction rate is correct.
4. The average value of k (base e) =0.23 h.

EXAMPLE 2.20: CALCULATIONS FOR HALF-LIFE

A storage basin contains toluene and dieldrin. The first-order removal constants k for toluene and dieldrin
are 0.067 h™" and 2.67 x 10> h™", respectively. Calculate the storage time for both chemicals to reduce
their concentrations to one-half of their initial values.

Solution
1. Determine the half-life of toluene from Equation 2.16a.
Ktoulene = 0.067h ™"

0693 0693

=———=103h
ktoulene 0.067 h71

ftoulene, 1/2 =

2. Determine the half-life of dieldrin from Equation 2.16a.

Kgieldrin = 2.67 x 10> h~!

0.693 0.693 1
= = 26,000h or 26000h x —M =
Kdietdrin ~ 2.67 x 10=5h 24h/d x 365d/yr

Ldieldrin, 1/2 = 3yr

EXAMPLE 2.21: DETERMINATION OF INITIAL CONCENTRATION

An industrial sludge contains benzene. The allowable benzene limit for disposal of sludge in a landfill is
15 ppb. A 30-day-old sludge had benzene concentration of 1.1 ppb. If the first-order removal rate cons-
tant k for benzene is 0.00345 h™", calculate if fresh sludge would have met the allowable concentration
for disposal in the landfill.
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Solution

1. Calculate the concentration of benzene in the fresh sludge from Equation 2.15a.

C = Cye ™

ln<C£> = —0.00345h™" x (30d x 24h/d) = —2.48
0

C—00837
Co

C 1.1 ppb
— PP = 13.1 ppb

CO = — = =
0.0837  0.0837

2. Compare the limit.
The initial concentration of benzene in fresh sludge is 13.1 ppb, which is lower than 15 ppb. There-
fore, the fresh sludge would have met the allowable limit for disposal in the landfill.

EXAMPLE 2.22: CONCENTRATION RATIO REMAINING, AND
CONCENTRATION RATIO REMOVED

A hazardous waste has half-life (¢,,,) of 12 h. Calculate the time to reach 40% and 80% concentrations
remaining, and the time to achieve 40% and 80% decay of the original hazardous waste. Plot the percent
decay and percent concentration remaining versus time.

Solution

1. Calculate the reaction rate constant k from Equation 2.16a.

0.693
by = %

0.693  0.693
k= =—— —0.058h7"
ti2 12h

2. Calculate the time to achieve 40% and 80% concentration remaining from Equation 2.15a.
C

=k

Co

0.4 — o~ 0058h™" Xti0% removl

= Coefkt or

ln(04) = —0.058 h_l X t40% removal

1n(0.4) —0.916
= __=15.8h
—0.058h —0.058h

£40% removal =

The time for 40% concentration remaining is 15.8 h.

0.8 — ¢—0058h™" Xtsonremova
In(0.8) = —0.058 h™" X fg0% removal

1n(0.8) —0.223
— = - =38h
—0.058h —0.058h

180% removal =

The time for 80% concentration remaining is 3.8 h.
3. Calculate the time to achieve 40% and 80% decay.

The decay or destruction = (1 — C/Cy)

To achieve 40% decay, 0.4 = (1 — C/Cy)
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C/Cy = 0.6 (60% concentration remaining)

1n(0.6) —0.511

t40%decay = 160% removal = —0.058 h,I = —0.058 h71 =8.8h

The time for 40% concentration decay is 8.8 h.
To achieve 80% decay, 0.8 = (1 — C/C,)
C/Cy= 0.2 (20% concentration remaining)

1n(0.2) —1.61

—= — =27.8h
—0.058h —0.058h

180% decay = 120% removal =

The time for 80% concentration decay is 27.8 h.
4. Tabulate the concentration ratio of decay (1 — C/Cp), and concentration ratio of remaining (C/C,)
with time.
The concentration ratios of decay and remaining are derived from each other. These ratios are:

(1 — C/Cp) (decay) 0.2 0.4 0.6 0.8
C/Cy (remaining) 0.8 0.6 0.4 0.2
Time, h 3.8 8.8 15.8 27.8

5. Plot the percent decay and percent remaining concentration.
The plot of percent concentration destroyed and percent concentration remaining are shown in
Figure 2.4.

1.0
| C
Decay 1 — Z|=1— ek
ecay e

)3 0

-~ 0.8

> "N "
31 \ /

L

o /

5 0.6 N g

=13)

2 >

s 04 -

0.2

x C —kt

Remaining olFe

0.0 !
0 5) 10 15 20 25 30

Time, h
—&— % Remaining —&— % Decay

FIGURE 2.4 The graphical representation of percent destruction and percent remaining concentrations of a
hazardous waste (Example 2.22).

EXAMPLE 2.23: REACTION RATE CONSTANT OBTAINED FROM HALF-LIFE

Chemical contamination of groundwater aquifer has been reported. The contaminants are benzene, tri-
chloroethane (TEC), and toluene. The half-lives of these chemicals are 69, 231, and 12 days, respectively.
Calculate the first-order reaction rate constants of all these chemicals.



2-20 Volume 1: Principles and Basic Treatment

Solution

The reaction rate constants are calculated from Equation 2.16a.

0.693
tip = 5
0.693 _
kbenzene = W =0.01d !
0.693
krcg = —— = 0.003d™"
TF = 2314
0.693 _
ktoluene = m =0.058d !

EXAMPLE 2.24: RADIOACTIVE DECAY

Strontium-90 (°°Sr) is a radioactive nuclide that has a half-life of 28 years. Like most radioactive nuclides,
it exhibits first-order decay. If a groundwater source is contaminated by *°Sr, how long will it take to
reduce the radioactivity by 99%.

Solution
1. Calculate the first-order reaction rate from Equation 2.16a.
0.693
k =

——— = 0.0248yr!
28 yr

2. Calculate the reaction period from Equation 2.15a.
To reduce the radioactivity by 99%, 0.99 = (1 — C/C,)

C/Cp=1—0.99 = 0.01 (radioactivity remaining)
C
=k
Go
0.01 = e—0.0248yr‘><t
In(0.01) = —0.0248yr~' x t
1n(0.01) —4.61

f— = = 186
—0.0248yr'  —0.0248yr! o

= Coefkt or

The time to reduce the radioactivity by 99% is 186 years.

EXAMPLE 2.25: NITRIFICATION REACTION

The simplified consecutive reaction that describes the biological nitrification is given by equation:
o o
NH;-N —> NO,-N — NO;-N.
1 2

Write the decomposition equations that describe the rates of decomposition and formation of the reactants
and products. Also, give the solution expressing the concentrations of each constituent with respect to time.
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Solution

1. Develop the differential equations.
Assume that the rate of consecutive reactions are first order. The differential equations expressing
the concentrations (as NH4-N) of NH;3-N, NO,-N, and NO;-N are given by Equations 2.17
through 2.19.

dCnm,-N .

= —k;CNp.- 2.17

i 1CNH, N (2.17)
dCyo,-

Ij;t)z Nk Cni,-N — k2Cno,-N (2.18)
dCro.-

1\[;(;3 N _ k> Crio,-n (2.19)

2. Express the solutions of the differential equations.
It is assumed that at ¢ = 0, the initial concentration of NH;-N, NO,-N, and NO5-N are, respectively,
G, -ne Coy-xo and o, -x-
The solutions of the differential equations are given by Equations 2.20 through 2.22.

CNHg'N = C%HfN'e_klt (220)
kCo

Cno,-N = % (e7Mf — &™) + o, n-e ™™ (2.21)
2 — K1

kz'e_klt — kl-e_kzt

CNoy-N = chs_N<1 - P— ) + Clo,n(1 — ™) + Clo, (2.22)

EXAMPLE 2.26: GRAPHICAL REPRESENTATION OF NITRIFICATION
REACTIONS

In a wastewater treatment plant, nitrification is carried out by oxidation of NH;. The initial concentration
of ammonia nitrogen (NH;-N) is 25 mg/L, and the initial concentration of nitrite nitrogen (NO,-N) and
nitrate nitrogen (NO3-N) are zero. Plot the concentration profiles of NH;-N, NO,-N, and NO3-N with
respect to time in days. The reaction rate constants k; and k, at 20°C are 0.6 d~* and 0.3 d", respectively.
The operating temperature in the nitrification facility is 15°C. Assume 6 = 1.047.

Solution

1. Determine the reaction rate constants at 15°C from Equation 2.10.
(k)5 = 0.6d7! x (1.047)1°729 = 0.48d7"
(k2);5 = 0.3d 7! x (1.047)°720 = 0.2447!

2. Calculate the concentrations of Cnp,-n> Cno,-N> and Cyo, -~ at different time intervals ¢ in days.
Calculate these concentrations from Equations 2.20 through 2.22.
At t =0, NH;-N = 25 mg/L, and NO,-N and NO;-N = 0.
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The calculation steps at t =1 day are given below.

—1
Cnu,-N = CI%HS_N-efk” = 25mg/L x ¢ ©48d )x1d _ 15 5 mg/7,
BCy 5 _
CNOZ-N = 7]{ IiH;cN (6 kit e kzt) 4 CI?IOZ—N'e kot
2 — ki

_ 048d7" x 25 mg/L (ef(OASd)xld _ 67(0.24d)><1d) +0
(0.24 — 0.48)d™"

= —50mg/L x (0.619 — 0.787)
= 8.4mg/L

kz'e_klt — kl‘e_klt _k
Cro,-N = CI%H;—N<1 T ok + CIQIOZ—N(I =& ) s CON03—N

- /L (1 0.24 d—l x e—(0.48d)><1d — 048 d—l x e—(0.24d)><1d) 040
=25m X -
& (0.24 — 0.48)d !
0.15 —0.38
=-25mg/Lx(1————
0.24 — 0.28
= 1.1mg/L

It may be noted that the sum of the concentrations of NH3-N, NO,-N, and NO;-N at all the points is
25 mg/L. This is because all concentrations are expressed in mg/L as NH,-N.
3. Assume different values of t and calculate the concentrations of NH3-N, NO,-N, and NO3-N at differ-
ent time intervals. The calculated values are summarized below.

t,d NH;-N, mg/L NO,-N, mg/L NO;-N, mg/L
0 25.0 0 0
1 15.5 8.4 1.1
2 9.6 11.8 3.6
3 5.9 12.5 6.6
4 37 11.8 9.5
5 2.3 10.5 1222
6 14 9.0 14.6
7 0.9 7.6 16.5
8 0.5 6.3 18.2
9 0.3 5.1 19.6
10 0.2 4.1 20.7
11 0.1 33 21.6
12 0.1 2.6 22.3
13 0.0 2.1 22.8
14 0.0 1.7 23.3

4. Plot the concentration profiles.
The concentration profiles of NH;-N, NO,-N, and NO;-N with respect to time at 20°C are shown
in Figure 2.5.
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FIGURE 2.5 Concentration profiles of NH;-N, NO,-N, and NO5-N with time (Example 2.26).

EXAMPLE 2.27: PARALLEL IRREVERSIBLE FIRST-ORDER REACTIONS

In a batch reactor, a reactant A produces two products B and C in a competitive reaction. Both reactions
follow first-order kinetics with respect to A. Also, the concentrations of B and C at any time are expressed
as A. Develop the rate equations and solve the differential equations. Plot the concentration profiles. The
initial concentration of A is 45 mg/L and that of B and C are zero. Assume that the reaction coefficients k;
and k;, at 20°C are 0.35 and 0.21 per day when all concentrations of reactant and products are expressed
in mg/L as reactant A. The reaction vessel temperature is 15°C and 6 = 1.135. The parallel reaction is
as follows.

ki B
g
K*c

Solution

1. Develop the rate equations.

dc,
_ d—tA = k1Cp + krCp = Calky + ko)

4Gy
dt
dCc

T = ReCa

= kch

2. Integrate the rate equation and develop concentration equations Equations 2.23 through 2.25.

Cp = Cp e ath)t (2.23)
G=—"_c, (1 — etk (2.24)
ki+k ’
ka —(ky+ka)t
Cc = Ca, (1 — ety (2.25)

ky + k;
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3. Determine the reaction rate constants k; and k, at 15°C from Equation 2.10.

(k)5 = 0.35d7" x (1.135)5°29 = 0.194 !

(k2);5 = 0.21d7" x (1.135)15720 = 0.11 47"
4. Set up the initial conditions.
Att =0, Ca, = 45mg/L, Cg, = 0, and Cc, = 0.

5. Calculate the concentrations of C,, Cg, and Cc at 0.5 d from Equations 2.23 through 2.25.

Cp = 45 mg/L x ¢~ O19H0.1Dd7x05d _ 45 ma /], 5 0.86 = 38.7 mg/L

—1
b = %45 mg/L x (1 _ e*(0.19+0.11)d"><0.5d)
(0.19 4 0.11)d
= 0.63 x 45mg/L x (1 — 0.86) = 4.0mg/L
-1
= LA% mg/L x (1 . e*(0.19+0.11)d"><0.5d)
(0.19 +0.11)d

= 0.37 x 45mg/L x (1 — 0.86) = 2.3 mg/L

6. Assume different values of t and tabulate the concentrations of C,, Cs, and C¢ with respect to time. The
concentrations of Cp and Cc are expressed as Cy.

t,d Ca, mg/L Cp, mg/L Cc, mg/L
0 45 0.0 0
0.5 38.7 4.0 2.3
1 333 7.4 4.3
2 24.7 12.9 7.4
3 18.3 16.9 9.8
4 13.6 19.9 11.5
5 10.0 22.1 12.8
6 74 23.8 13.8
7 5.5 25.0 14.5
8 4.1 25.9 15.0
9 3.0 26.6 15.4

10 2.2 27.1 15.7

11 1.7 27.4 159

12 1.2 27.7 16

13 0.9 279 16.2

14 0.7 28.1 16.3

Note: The sum of concentrations of C,, Cs, and Cc at any time ¢ is 45 mg/L since
all concentrations are expressed in mg/L as reactant A.
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7. Plot the concentration profiles of C,, Cg, and Cc (Figure 2.6).

50
@
40 \\A\
C
= 30 B
g \\ —
U 20
A - -~
10 // X\\ =
Of \"_"—.h—‘

0 2 4 6 8 10 12 14
t,d
_._CA —O—CB +CC

FIGURE 2.6 Time-dependent concentrations of reactant and products in parallel irreversible reaction
(Example 2.27).

EXAMPLE 2.28: PSEUDO FIRST-ORDER OR AUTO-CATALYTIC REACTION

A waste stabilization pond has hydrogen sulfide (H,S) concentration of 17 mg/L. It was found experi-
mentally that the hydrogen sulfide odors are completely eliminated at a residual concentration of
0.034 mg/L. A decision therefore was made to aerate the lake so that H,S is oxidized to nonodorous sul-
fate ion in accordance with the following oxidation reaction: H,S + 2 O, — SO2~ + 2H™. Experimen-
tally it was determined that the overall reaction follows second-order kinetics with respect to both oxygen
and hydrogen sulfide concentrations, d[H,S]/dt = —k[O,][H,S]. It is expected that 2 mg/L oxygen con-
centration will be maintained in the lake. Therefore, the reaction can be modified to pseudo first order.
The rate constant k for the reaction was determined experimentally and was 1000 L/mole-d. If the aera-
tion completely inhibits the anaerobic respiration, how long would it take for H,S concentration to reach
the desired residual concentration for odor control.

Solution

1. Determine the reaction rate equation.
Since the concentration of oxygen is maintained constant, the reaction can be modified to pseudo
first order. The modified equation is expressed by Equation 2.14 and the H,S concentration is obtained
from Equation 2.15a.

d[H,S]
dt

[H,S] = [H,Slpe "

= —K [H,$]

where
K = modified reaction rate constant to express k' = k[O,], L/mole-d
[H>S] = equilibrium concentration of H,S, mole/L
[H,S]o = initial concentration of H,S, mole/L
2. Calculate the value of the modified reaction rate constant k.

lg

k' = k[O,] = 1000
[0:] 1000 mg * 32 g/mole O,

=0.0625d"

L
2 L
mole-d x 2mg/LOz X
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3. Calculate the molar concentration of initial and equilibrium H,S concentrations.

lg o 1
1000mg 34 g/mole H,S

=5 x 10~* mole/L H,S

Initial concentration, [H,S], = 17 mg/LH,S x

lg 9 1
1000mg 34 g/mole H,S

Equilibrium concentration, [H,S] = 0.034 mg/L H,S X
= 10~° mole/L H,S

4. Calculate the time to reach the equilibrium concentration of H,S.

10 mole/L = 5 x 10~* mole/L x ¢ 006254 'xt

o~ 0-0625 dtxe _ 0.002

—6.21

1
t=—————In(0.002) =
0.0625d

2.5.3 Second-Order Reaction
The second-order reactions are of two types:

a. Type I reactions (2 A — P) are expressed by the following equation:

d[A] 2
—q —MAl

b. Type II reactions (A + B — P) are expressed by the following equation:

d[A]
Cdt

— k[A][B] or ~— % = K[A][B],

where k = reaction rate constant, L/mole-t

Several examples on both types of second-order reactions are given below.

EXAMPLE 2.29: SECOND-ORDER TYPE I EQUATION DERIVATION AND
REACTION RATE CONSTANT

Consider the following reaction carried out in a batch reactor: A+ A — P.
Develop the following: (a) equation expressing the concentration with respect to time, (b) equation
expressing half-life, and (c) determination of kinetic coefficients k and the initial concentration C,.

t,h 0 1 2 3 4 5 6
Ca, mg/L 100 80 67 57 50 44 40
1/Ca, L/mg 0.01 0.0125 0.0149 0.0175 0.02 0.0227 0.025
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Solution

1. Develop the concentration equation.

dCy

where C, = concentration of A at time ¢, mg/L

dCy

ZA — kat
G

Integrate and solve for C,. This is represented by Equation 2.26.

Ca i t
Ca
—— = | —kdt

|-

Cay 0

1 1

— — =kt 2.26
Cy Ca, (2.26)

2. Develop the half-life expression.
The half-life expression (Equation 2.27) is obtained by substituting Cy = (1/2)Ca,.

by = — (2.27)
1/2—kcAo o

3. Determine k and Cp,.
A plot of 1/C, versus ¢ gives a linear relationship as shown in Figure 2.7.

0.030

0.025
1/C, |7 0.0025 £+ 0.01

0.020

0.015

0.010

1/Cy, L/mg

1/Cy,

0.005

0.000
0 1 2 ) 4 5 6

t,h

FIGURE 2.7 Determination of reaction rate constant of second-order Type I reaction (Example 2.29).

The slope of the line is k and the intercept is 1/Ca,.

1

Cay=——
% 7 0.01L/mg

= 100 mg/L

k =0.0025L/mg-h

4. Determine the half-life from Equation 2.27.

1
= = 4h
0.0025L/mg-h x 100 mg/L

t)2
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EXAMPLE 2.30: SECOND-ORDER DECAY

Benzene concentration in an industrial sludge is 10 ppb. What will be the concentration remaining after
90 days storage? Assume second-order decay, and reaction rate constant is 0.00085 L/pg-d.

Solution

Determine the concentration remaining from Equation 2.26.

S + kt
Ca  Ca,
1 1

L L L
— = —— 40.00085—— x 90d = (0.1 + 0.0765) — = 0.1765—
Ca 10pg/L pg-d Hg g

Ca = 5.7 pg/L (ppb)

EXAMPLE 2.31: REACTION ORDER AND REACTION RATE CONSTANT

A chemical reaction was carried out in a batch reactor. The experimental data are given below. Determine
the order of reaction and the reaction rate constant.

Time, min 0 1 2 3 4 5 6
Cp> mg/L 100 80 67 57 50 44 40
Solution

1. Use Equation 2.5 for two data points.

dCy
~ A ke
dt By

dCy
_ %M en
dt Chs

2. Take log on both sides.

dc
1og[_ d—?] = log(k) + n log(Cy,)

dC
10g|:— d?z] = log(k) + n log(Ca,)

3. Equate log k in both equations to solve for 7.

dCy, dCa,
log| — I —log| — o

log(Ca,) — log(Cy,)
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4. Select two data points t =2 and t = 4 to determine the differentials.

_ dCi—y _ Ci=241 — C=2-1 _ _57—-80 115
dt ty1 — by 3—-1 ’

_ dCi—y _ Ci=441 — Ci=a—1 _ 4457 6.5
dt typ1 — ta 5-3 ’

5. Calculate n and reaction order.

I e
8l ar | T ¥ ar | log(115)—log(65) _1.061—-0813_0248 _

log(Ci—y) — log(Ci—4) " log(67) —log(50) ~ 1.826—1.699  0.127

n—

The reaction is Type I second-order and Equation 2.5 with n =2 is valid.

EXAMPLE 2.32: EFFECT OF REACTION ON SPECIES CONCENTRATION

Many photochemical reactions occur in the atmosphere that are related with smog formation. Following
are three example reactions:

NO, + OH — > HNO; (Reaction 1)
2HO, —> H,0,+0,  (Reaction 2)
NO, + 0; —2 > NOy + 0, (Reaction 3)
Write differential equations to describe the net effect of these three reactions on the mole fractions of

nitrogen dioxide (NO,) and hydroperoxy radical (HO; ). Assume that reactions occur under well-mixed
condition and are second order.

Solution

1. Write the rate law expressions.
r1 = k1 Cno, Conr
2
r =k (CHOZ')
13 = k3Cno, Co,
2. Write the differential equations of NO, in Reaction 1.

NO, and OH* are consumed, and nitric acid (HNO3) is produced.

dCNQ2

e —kCyo, % Conr

3. Write the differential equation of HO; in Reaction 2.
HO; is consumed and converted to hydrogen peroxide (H,0,) and oxygen (Oy).

dCho;
dt

= —2r, = =2k, (CHQZ)Z

In this reaction, two moles of HO; are consumed. The exponent 2 expresses second-order reaction
of HO;.
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4. Write the differential equation of NO, in Reaction 3.
NO, reacts with ozone (O3) to produce nitrate (NO5 ) and oxygen (O,).

(JICN()Z
dt

5. Write the differential equation of NO, in Reactions 1 and 3.
NO, is consumed in both Reactions 1 and 3. Therefore, the effects of each reaction are added.

= —r3 = —k3Cno; x Co,

dCNo2
dt

= —r; — 13 = —k;Cno, Con* — k3Cno, Co,

EXAMPLE 2.33: TYPE II SECOND-ORDER REACTION, DERIVATION OF
EQUATION

k
Consider the following reaction is carried out in a batch reactor. A + B ——— P. Develop the equation
expressing the concentration of reactants A and B with respect to time."

Solution

1. Write the Type II second-order reaction.

dc dC
- d—t“‘ =— d—f = kCaCy
2. Use the stoichiometric relationships.
dCy = dCy
Ca Cs
[ den= | dc
Cag Ca,

Cay — Ca =Gy, — G

where C,, and Cg, are initial concentrations.
Cg =Cg, — Ca, +Cp
——— = kCa(C, — C4, + Ca)

dCy

- = kdt
Ca(Cp, — Cy, + Ca)

3. Using the method of partial fraction, integrate the equation.

1 P4
Ca(Cp, —Cpy+Ca) Ca Gy, —Cy +Cy

where p and g are constants, dimensionless
Note: The identity symbol (=) is used to indicate an equality between the two sides of the equation
for all values of Cj,.

Ca(Cp, =Gy, +Ca) _ p (CA(CBO — Cyp, + CA)) ((CBD — Cy, + CA)CA>

Ca(Cg, — Cap +Ca) Ca 1 (Cg, — Ca, + Ca)

1 = p(Cg, — Ca, — Cs) +qCy
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Rearrange the equation.

140 = p(Cs, — Ca,) + Calp+9)

Equate constant terms.

1 =p(Cp, — Ca,)

Equate coefficient of C,.

O=p+q

Solve these equations for g and p.
1

~ (Coy — Ca)

1
(Cg, — Ca,)

p

9==

Substitute these values in the equation (

P q

241 )(—dCy) = kdt
(cA + Cp, — Ca, + CA)( »)

_ pdCA —q dCA

= kdt
Ca Cp, — Cp, + Ca

dCA dCA

B Ca(Cg, — Cyp, +Ca)

- +
Ca(Cg, — Cy,)  (Cg, — Ca,)(Cg, — Ca, + Cy)

Integrating the above equation to obtain Equation 2.28.

1 (CaelCo = Ca + GO _,,
Oy — O Gy -

4. Draw the linear relationship.

= kdt) .

2-31

(2.28)

The above equation presents a linear relationship. The plot is shown in Figure 2.8. Slope of the line is

the reaction rate constant k.

In(Cy/C,)

In(C,/Cy)

FIGURE 2.8 Linear plot of second-order Type II reaction (Example 2.33).
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EXAMPLE 2.34: SECOND-ORDER TYPE II REACTION WITH A VARIABLE
CONCENTRATION

The second-order Type II reaction rate can be simplified by expressing the result in terms of a variable
concentration Cx of the reactants consumed. Develop the kinetic equation.

Solution

1. State the Type II second-order reaction.
A+B—P
2. Write the equation to express the variable Cx representing the decrease in concentration of the reac-
tants in a given time.

dcC;
d_tx = kCxCg = k(Cy, — Cx)(Cg, — Cx)

3. Integrate the equation and express variable concentration Cx with time by Equation 2.29.

! 1n<CA°(CB° — CX)) = kt (2.29)
Cg, — Ca, \Cg,(Ca, — Cx)

4. Plot the linear relationship.
The linear relationship between variable concentration Cx and time is shown in Figure 2.9.

1 ln/ CAO (CBo ~&)
-Cyy Gy (Ca=Co

CBO

FIGURE 2.9 Linear plot of Type II second-order reaction with decreasing concentrations (Example 2.34).

The slope of the line is the reaction rate constant k.

EXAMPLE 2.35: DETERMINATION OF REACTION RATE CONSTANT OF TYPE II
SECOND-ORDER REACTION

Reactants A and B produce a product. The decrease in reactant concentration C, is variable with time.
Determine the kinetic coefficients k in Equation 2.29. The initial concentrations of reactants A and B
are 100 and 98 mg/L. The experimental values of C, concentration consumed with time ¢ are given below.

ts 4 8 16 20
C, mg/L 90.3 94.6 96.7 97.1
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Solution

1. Tabulate calculation results in the table below.

Cs, = 100mg/L and Cg, = 98 mg/L

ts 0 4 8 16 20

Cx, mg/L 0 903 946 967 97.1
Ca, — Cx, mg/L 100 97 5.4 33 2.9
Cp, — Cx, mg/L 98 7.7 34 1.3 0.9
Ca, (Cp, — Cx), mg?/L? 9800 770 340 130 90
Cp, (Ca, — Cx), mg*/L? 9800 951 529 323 284

Ca, (Cp, — C
n<M), dimensionless 0.000 —0211 —0442 —0911 ~115

Cg, (Cay — Cx)

1 R (CA,,(CB0 - Cx)
Cpy, — Cay  \Cp,(Ca, — Cx)
K — 1 1 n<CAg(CB0 - Cx)
Cp, — Cap t \Cg,(Ca, — Cx)

) , L/mg 0.000 0.105 0.221 0.456 0.575

),L/mg-s — 0.0263 0.0277 0.0285 0.0287

Average = 0.028

2. Plotting the values (Figure 2.10).

1.00
0.75
C, (G = Cy)
1 In Ag 7By X ,L/mg 0.50 //’
oo~ Cap (G (Cag= &Y /
s
025 — ;
/(_‘:_1 _______ )
0.00
0 5 10 15 20
t, s

Ca,(Cs, — Cx)
Cg, (Ca, — Cx)

1
FIGURE 2.10 A linear plot of ln( ) versus t (Example 2.35).
Cg, — Ca,

Equation 2.29 is a linear relationship and the slope of the line gives the kinetic coefficient k.
3. Determine the kinetic coefficient k.
The slope of the line is kinetic coefficient k.
The value of k can be obtained from either the calculations in the table or the plot in Figure 2.10.

k =0.028 L/mg-s

Discussion Topics and Review Problems

2.1 A photoprocessing industry discharges 1700 m’/d waste that contains 130 mg/L AgNOs. Silver is
precipitated by adding NaCl. The solubility of AgCl is very small.

AgNO; + NaCl — AgCl| + NaNO;

Calculate (a) the theoretical quantity of NaCl in kg/d, and (b) kg/d silver recovered.
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2.2

23

24

2.5

2.6

2.7

2.8

2.9

2.10
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Well water has carbonate hardness due to calcium. If 160 mg/L hardness as CaCOyj is precipitated
by adding lime, calculate lime dose in mg/L.

Recarbonation is necessary after water softening to solubilize unsettled CaCO; and Mg(OH),. The
reactions are:

CaC03 + COZ + H20 d Ca(HCO3)2
Mg(OH), 4+ CO, — MgCO; + H,0

If 15 mg/L CaCO; and 17 mg/L Mg(OH), concentrations are solubilized, calculate the stoichio-
metric dose of CO.,.
A single irreversible reaction is expressed by the following balanced reaction. Express the reaction
rates of A and B in terms of C.

2A+3B—-3C
A single irreversible reaction is given below. Determine the ratio of reaction rates.
3A—>2P

A single reactant is being converted to a single product by the following reaction: 2 A — P. If C, is
the concentration of A at any time ¢, express (a) the disappearance of A with respect to time, and (b)
the order of reaction.

A generalized reaction is expressed by 2 A + 3 B — 3 C + 2 D. Express the relationships between the
rates of reaction of individual reactants and products.

A reversible reaction is given below. Express the stoichiometric reaction relationships between
reactants.

k
2A <k—2>3B

A reversible consecutive reaction is given below. Express the stoichiometric reaction relationships
between reactants and products.

k ks
aA < bB<—cC
K, K,
An organic waste is treated in a batch reactor. Concentration of organic waste is measured at dif-

ferent time intervals. The results are given below. Determine (a) the order of the reaction, and (b) the
values of kinetic coefficients, (c) the kinetic equation, and (d) half-life.

th 0 1 2 3 5 10 15
Concentration, mg/L 500 475 450 425 375 250 120

A batch reactor is used to develop the reaction rate constant. The reactor is operated with an organic
substrate. The concentration of the substrate is measured on time interval. The experimental data
are tabulated below. Determine (a) reaction order, (b) reaction rate constants by numerical and
graphical methods, and (c) half-life.

t, min 0 2 4 6 10 15 20
Concentration, mg/L 180 105 61 37 12 3 1
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2.12

2.13

2.14

2.15

2.16

2.17

Biological studies were conducted at different substrate loadings to determine the reaction rate
constant k. Following data were developed. Determine the value of half-saturation constant K.

Substrate concentration S, mg/L 5 10 15 20 25 30 35 45
K, d! 0.7 1.30 1.75 2.00 2.20 2.30 2.40 2.47

The reaction rate constants were developed for an enzymatic saturation reaction. The reaction rate
constant k was 1800 mg/L.d and half saturation constant was 800 mg/L. Calculate the product for-
mation rate if 2000 mg/L reactant concentration is maintained in the reactor.

The reaction rate of an autocatalytic reaction A — B is expressed by

dCy N
- = ke
Determine the concentration of C, at 2nd min for zero-order, first-order, and second-order reac-
tions. The initial concentration (Ca,) is 50 mg/L. The reaction rate constants k for zero-, first-, and
second-order reactions are 0.5 mg/L-min, 0.5 min~ ', and 0.5 L/mg-min.
A batch-reactor study gave the following result for the reaction A — P. Determine (a) the reaction
order, (b) rate constant, and (c) the reaction time to achieve 90% stabilization.

t, min 0 1 2 3 5 10 20
Cy, mg/L 100 6.3 32 2.2 13 0.7 0.3

A chemical reaction is carried out in a batch reactor. The reaction is expressed by equation

dCy 2
———=k(Cy, — Ca)".
o = K(Ca — Ca)
Calculate the value of reaction rate constant k. Cy, = 150 mg/L and C, after 6 h is 20 mg/L.
In Problem (2.16) if the reaction is expressed by
dCy

BT k(Csy — Ca)s

determine the value of k. Use the data given in the problem.
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Mass Balance and Reactors

3.1 Chapter Objectives

Mass balance analysis, and type of reactors and their behavior are used to design treatment plants and
evaluate process performance. The objectives of this chapter are to present:

o The principles of mass balance analysis in wastewater treatment

» Flow regime and types of reactors: batch, continuous-flow stirred-tank reactors (CFSTRs) and plug
flow reactors (PFRs)

o Comparative performance of CFSTRs and PFRs

o Performance of CFSTERs in series, and performance of PFRs with dispersion and conversion

 Equalization of flow and mass loadings

3.2 Mass Balance Analysis

The law of conservation of mass states that mass can neither be created nor destroyed. Mass balance
analyses are routinely used in environmental engineering. To apply mass balance analysis it is necessary
to establish a system boundary, which is an imaginary barrier drawn around the system. The system boun-
dary may surround a node (junction), reactor, container, or a process diagram. Proper selection of system
boundary is extremely important to identify all flows and masses into and out of the system."* The
generalized mass balance is expressed by the following statement and equations (Equations 3.1 and 3.2a).

[Accumulat10ni| _ [Input] B [Output] N [ Utilization or ] (3.1)

rate rate rate conversion rate

n m
% = Vds;\l = ; (QiCai) — ; (QiCaj) + 1AV (3.2a)
where

ma = mass of species A, mass

Q; = volumetric flow rate of the species entering the system through line i (i=0, 1, ..., n),
volume/time

Ca; = concentration of species A entering the system through line i (i=0, 1, ..., n), mass/volume

Q; =volumetric flow rate of the species leaving the system through line j (j=0, 1, ..., m),
volume/time

Caj = concentration of species A leaving the system through line j (=0, 1, ..., m), mass/volume

ra = reaction rate of species A, mass/volume-time
V' =volume of reactor, volume

3-1
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For a system at steady state with no accumulation, the time-dependent term (dC,;/dt) goes to 0, and
Equation 3.2a reduces to Equation 3.2b.

—rAV = ZI: (QiCai) — 21: (QiCaj) (3.2b)
i= j=

3.2.1 Procedure for Mass Balance Analysis

Compounds with no chemical formation or loss within the control volume are termed conservative (i.e.,
mass is truly conserved). These compounds are not affected by chemical or biological reactions. Examples
are chloride, fluoride, sodium, and tracer dyes. Nonconservative compounds such as BOD, COD, TKN
undergo consumption or generation. To apply mass balance analysis around the system boundary, the
following steps must be followed:

1. Draw system boundary, and identify the volumetric flow rate into and out of the system by arrows.
All mass flows that are known or to be calculated must cross the system boundary.

2. Assume that the liquid volume within the system does not change.

. Assume that the control volume is well mixed.

4. Determine whether the compound being balanced is conservative (r, =0) or nonconservative
(ra must be determined based on reaction kinetics).

5. Determine whether the process is steady state (dC/dt = 0) or nonsteady state (dC/dt # 0).

6. Solve the problem. This will require solution of a differential equation for nonsteady-state condi-
tion, and algebraic solution for steady-state condition.

W

EXAMPLE 3.1: SIMPLIFIED MASS BALANCE EQUATION

Simplify Equation 3.2a for a single stream entering and leaving the reaction vessel. Assume first-order
reaction rate (r, = —kC).

Solution

1. Draw the reactor and system boundary (Figure 3.1).

- -

// i
C. ! Conversion N C
0! .
— -1,V ——
Q S Q
N .
S< _-7 \

System boundary

FIGURE 3.1 Reactor and system boundary (Example 3.1).

2. Write the mass balance (Equation 3.3).

V‘;—f = QCy — QC + V(—kC) (3.3)

where k = reaction rate constant (first order), time ™.

Other variables are defined earlier, and are shown in Figure 3.1.
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EXAMPLE 3.2: FLUID-FLOW SYSTEM
Fluid enters and leaves a reactor. Assuming no accumulation of fluid (dpV/dt) = 0, and fluid is neither

produced nor lost in the system (r,, = 0). Prove that Q;, = Qo if the fluid is incompressible.

Solution

1. Draw the reactor and system boundary (Figure 3.2).

FIGURE 3.2 Reactor and system boundary (Example 3.2).

2. Write the mass balance equation.

d(ZtV) = Qinp1 — Qoutpr +mV
where
p = mean density of fluid in the control reactor, kg/m>
p1andp, = density of the fluid entering and leaving the control reactor, kg/m’
Qin and Qo = volumetric flow rate in and out of the control volume, m?/s
Vv = volume of control reactor, m>
’m = mass rate of generation, g/m3 S

3. Given d(pV)/dt = 0 and r,, = 0; write simplified equation.

Qinp = Qoutpz

Since the fluid is incompressible, p; = p,

Qin = Qout

3.2.2 Combining Flow Streams of a Single Material

A system boundary may receive several influent lines, and may have one or more effluent lines. Flow lines
presenting one material may be combined in Equation 3.4.

[Rate of ﬂow] B |:Rate of :| B |: Rate of :| |:Rate of Volume] B |:Rate of Volume:| (3.4)

change flow in flow out increased reduced

0 = Flow in — Flow out +0 — 0

Flow in = Flow out



34 Volume 1: Principles and Basic Treatment

EXAMPLE 3.3: SEWERS FLOW AND JUNCTION BOXES

Intercepting sewers receive flows from several laterals and then discharges into a trunk line. The flow lines
are shown in Figure 3.3. Determine the flow in the final trunk line.

(2) (b)

10,000 L/min System 10,000 L/min
] boundary

F--44----

System ' around all
I
1

I
boundary <« 1 15,000 L/min three
around \k' manholes
Manhole A : A | Eyste?
! 1 q
System ! L : 30,800 L/min boundary
i |
1

around
boundary~,r l h Manhole B
around

!

1
1
Manhole C -, . ! ' 12,900 L/min
Final 1 L 1 B 1 Final
trunk s=qlaMesdbssssas 2 trunk
. e
line line
68,700 L/min

FIGURE 3.3 Sewer layout and system boundary: (a) Method 1 and (b) Method 2 (Example 3.3).

Solution

Method 1.
Draw three system boundaries.

1. Conduct flow balance at Manhole A and find flow in outgoing intercepting sewer.
Flow out into the interceptor = (10,000 + 15,000) L/min = 25,000 L/min

2. Conduct flow balance at Manhole B and find flow in outgoing intercepting sewer.
Flow out into the interceptor = (30,800 + 12,900) L/min = 43,700 L/min

3. Conduct flow balance at Manhole C and determine flow in the final trunk sewer.
Flow in trunk line = (25,000 + 43,000) L/min = 68,700 L/min

Method 2.
Draw one system boundary around three manholes.

Flow in the final trunk line = (10,000 + 15,000 + 30,800 + 12,900) L/min = 68,700 L/min

EXAMPLE 3.4: HYDROLOGICAL CYCLE AND GROUNDWATER RECHARGE

A 400 ha farm receives 100 cm precipitation per year. It is estimated that 40% precipitation returns into
the atmosphere by evaporation, and 20% reaches the nearest watercourse as runoff. The remaining pre-
cipitation is percolated into the aquifer. The water is withdrawn from the aquifer throughout the year for
irrigation purposes. Approximately 80% of the withdrawn groundwater is eventually lost as evapotrans-
piration. Calculate the amount of groundwater recharge in m’ that can be withdrawn annually for
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irrigation without depleting the groundwater reservoir. Also, draw the hydrological cycle with
water components.

Solution
1. Determine the annual precipitation.

_ 100 cm/year

x 400 ha x 10,000 m?/ha = 4 x 10° m® /year
100 cm/m

Precipitation volume
2. Determine the components of water budget.

Runoff = 0.2 x(4 x 10° m?/year)= 0.8 x 10° m>/year
Evaporation of precipitation = 0.4 x(4 x 10° m® /year) = 1.6 x 10° m® /year
Assume pumping rate for irrigation = Q m’ /year
Evaporation of irrigation water =0.8Qm’/year
3. Conduct the volume balance.
[Accumulation] = [Precipitation] — [(Evaporation of precipitation) + (Runoff)]

— [Evaporation of irrigation water]
= 4 x 10°m? /year — (1.6 x 10°m? /year + 0.8 x 10° m®/year) — 0.8 Q
Since annual withdrawal is without depletion of groundwater reservoir, net accumulation = 0.
0 =16 x10°m’/year — 0.8 Q
Q =2 x10°m’/year
4. Draw the hydrological cycle showing water components in Figure 3.4.

Pumping rate
(or amount of

Precipitation 1.6 x 10° m®/year groundwater available
4% 10° 3/year Evapotranspiration for irrigation o
l of precipitation from recharge) Evapotranspiration

Q-= 2 x 106 m3/year of irrigation water
0.8 Q = 1.6 x 10° m?/year
Irrigation water
Q =2 x 10° m®/year
Runoff 0.8 x 106 m3/year
4—

838

Percolation of precipitation Repercolation of irrigation water
1.6 x 106 m?/year 0.4 x 106 m3/year
Well for
Groundwater table irrigation
— — a—

Groundwater aquifier

Cone of depression

FIGURE 3.4 Hydrological cycle showing water budget components (Example 3.4).
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3.2.3 Combining a Conservative Substance and Flow

If a system boundary receives flow streams that also contain a conservative material, a mass balance anal-
ysis will include flows and concentrations.

EXAMPLE 3.5: DISCHARGING A CONSERVATIVE SUBSTANCE IN A NATURAL
STREAM

An industry is discharging waste brine into a stream. The concentration of total dissolved solids (TDS) in
the industrial brine is 15,600 mg/L. The allowable concentration of TDS in the stream is 500 mg/L. The
discharge of the stream under drought conditions is 8500 m®/d and background TDS concentration in the
stream is 210 mg/L. Calculate the permissible discharge of industrial brine into the stream.

Solution

1. Draw the system boundary (Figure 3.5).

Brine discharge

System boundary Qhrine
\ _____ Chrine = 15,600 mg/L
Stream ,/’ \\
/, \
— A " V. —
1
! > -
— 3 b mixture
Qstream = 8500 m°/d \\\ ,/I Cmixture =500 mg/L
Cotream = 210 mg/L AN L

FIGURE 3.5 System boundary (Example 3.5).

2. Apply the mass balance equation (Equation 3.2a).

dC
Vol =2 QCn— 3 QCu+naV
There is no accumulation V(dC/dt) = 0 and there is no conversion (rV = 0).

Qstream Cstream + Qbrinecbrine - Qmixturecmixture =0

8500 m®/d x 210 g/m> 4 Qprine X 15,600 g/m> — (8500 m>/d + Qpyine) X 500 g/m> = 0
17.85 x 10° g/d 4 15,600 g/m> X Qprine — 42.5 x 10° g/d — 500 g/m> X Qprine = 0
15,100 g/m> X Qprine = 24.65 x 10° g/d

Qbrine = 163 m3/d

The permissible brine discharge = 163 m?/d
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EXAMPLE 3.6: MLSS CONCENTRATION IN AN ACTIVATED SLUDGE PLANT

The biomass concentration in an activated sludge process is maintained by returning the sludge. The
mixed liquor suspended solid (MLSS) concentration in the aeration basin is 2500 mg/L and TSS concen-
tration (TSS,,s) in return activated sludge (RAS) is 10,000 mg/L. TSS concentration (7SS, in the influ-
ent is small and ignored. The process diagram is shown below. Calculate (a) the return rate of sludge
(Qqas)> and (b) the flow ratio of RAS to influent.

Solution

1. Draw the process diagram and system boundary.
The system boundary is drawn around Point A (Figure 3.6).

System boundar
y y NPEE
_ 39/ \
Qipg = 4,500 m /dl A \ : Aeration basin Final
TSSine=0 \\ 1 /’ MLSS = 2500 mg/L clarifier
~o | 4

Qras
TSS,,s = 10,000 mg/L

FIGURE 3.6 Process diagram and system boundary (Example 3.6).

2. Conduct a mass balance at Point A.

dCrss
174
dt

= Qinf TSSinf — QrasTSSras + 1155V

There is no accumulation V(dCrgs/dt) = 0, and mass conversion in the connecting system is small
and assumed zero (rpsgV = 0).
0 = (4500 m’/d x 0 + Qs X 10,000 g/m>) — (4500 m>/d 4 Q.as) X 2500 g/m> + 0

(2500 x 4500) g/d
(10,000 — 2500) g/m?

Quas = = 1500 m>/d

3. Determine the return flow ratio (R;,) of Qa5 t0 Qinyr.

 Qus _ 1500m*/d

T Qe 4500m3/d

The RAS flow is one-third of the influent flow.

EXAMPLE 3.7: INDUSTRIAL SEWER SURVEY

An industry uses electroplating process in several shops at the plant site. Wastewater from each shop is
collected in an equalization basin, and discharged in individual sewer lines over a 24-h period. The char-
acteristics of waste stream from each shop are given below in Figure 3.7. Determine the flow and pollutant
concentrations in the combined waste stream.
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Shop A Shop C System
Q, =3500L/d Q, = 18,9000 L/d boundary
Cu, =12 m/L Cr, =4 mg/L
Zn, = 10 mg/L Zn, =7 mg/L
—_—— $ ——————————— $ ______________ - Qcombined
| |Crcombined
! — I
I _______ T______________T ________ }Cucombined
chombined
Qp=800L/d Qp =21,000 L/d
Shop B Crp = 160 mg/L Shop D Crp = 8 mg/L
Cuy = 215 mg/L Cup =4 mg/L
Znp =9 mg/L

FIGURE 3.7 Industrial sewer plan (Example 3.7).

Solution

1. Draw the overall system boundary (Figure 3.7).
2. Conduct flow balance.

0= (QA + QB + QC + QD) - Qcombined
Qeombined = (3500 + 800 + 18,900 + 21,000) L/d = 44,200 L/d
3. Conduct a mass balance for each contaminant.
Since there is no accumulation and all heavy metals are conservative substances, simplified mass

balance analysis will give the result.
a. Material balance for Cr.

0= (QB x Crg + Qc X Crc + Qp x CrD) - (Qcombined X Crcombined)

800L/d x 160 mg/L + 18,900L/d x 4mg/L + 21,000L/d x 8 mg/L
44,200L/d

Creombined =

371,600 mg/d

— 8.4mg/L
442001/d ms/

b. Material balance for Cu.

0= (QA x Cua + Qp x Cup + Qp x CuD) - (Qcombined X Cucombined)

3500L/d x 12mg/L + 800L/d x 215mg/L + 21,000L/d x 4 mg/L
44,200L/d

Cucombined =

298,000 mg/d

— 6.7mg/L
aa200L/d o7 me/
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c. Material balance for Zn.

0= (QA X ZnA + Qc X Znc + Qp x ZnD) - (Qcombined X chombined)

3500L/d x 10 mg/L + 18,900L/d x 7 mg/L + 21,000L/d x 9 mg/L

ZNcombined =

_356,300g/d

_ — 8.1 mg/L
44,2001/d mg/

EXAMPLE 3.8: SPLIT TREATMENT OF INDUSTRIAL WATER

44,200L/d

3-9

An industrial water treatment plant produces 100 m®/min finished water. The hardness in raw water is 15

mg/L as CaCOs. The plant uses split treatment. Partial flow is treated by zeolite softener. Softened water

has hardness of 0.02 mg/L as CaCO3. A small stream is bypassed around the softener and then mixed

with the softened water. The upper limit of hardness in treated water is 0.9 mg/L as CaCOj3. Calculate

(a) hardness capture rate in the softener, (b) partial flow to the softener, and (c) flow bypassed around

the softener.

Solution

1. Draw the process diagram and the system boundaries around the water treatment plant, softener, and

flow splitter (Figure 3.8).

System boundary around flow

splitter

Q=100 m*/min 1= == =77/="=" """ Q, (m¥min)
Hardness = 15 mg/L, Hardness = 15 mg/L

System boundary around water
treatment plant

y SN

|
I
as CaCO, b as CaCO, '
T 1
B U : :
Q, (m%min) 1 Flow : 1 Q,(m*min) 1 Q=100 m3/min
Hardness = 15 mg/L| splitter | {Hardness=0.02mg/I] | Hardness = 0.9 mg/L
as CaCO, : I Zeolite ! asCaCO; g : as CaCO,
I : softener i ] >
: ! b e :
[ 1 Capturerate ! C
! 17 (@/mi CaCO,) ! System boundary 1!
: 14 \g/min as &at-t; around softener :
I I

FIGURE 3.8 Process diagram of water treatment plant and system boundaries (Example 3.8).

2. Conduct a mass balance around the water treatment plant to determine hardness capture rate Z in the

softener.

Z =15g/m> as CaCO; x 100 m*/min — 0.9 g/m> as CaCO; x 100 m?/min

Z = 1410 g/min as CaCOj3

3. Conduct a mass balance around the softener to determine filtration rate Q..

15 g/m3 as CaCO3 x Q, = 1410 g/min as CaCO; + 0.02 g/m3as CaCO3 x Q,

_ 1410 g/min as CaCO;

= = 94.1 m®/min
14.98 g/m?> as CaCOs

Q
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4. Conduct a mass balance around the splitter to determine bypass flow Q; around the softener.
100 m’/min = 94.1 m*/min 4+ Q,

Q; = (100 — 94.1) m’/min = 5.9 m>/min

EXAMPLE 3.9: PARTICULATE REMOVAL IN A BAGHOUSE

An air pollution facility is using a baghouse to remove dust from an air exhaust stream flowing at a rate of
200 m®/min. The dirty air contains 10 g/m? of particulate, while the clean air from the baghouse contain
0.02 g/m” particulate. The operating permit allows the exhaust stream to contain as much as 0.9 g/m> of
particulate matter. The industry wishes to use split treatment by bypassing some of the dirty air around
the baghouse and mixing it back into the clean air so that the total exhaust stream meets the permit limit.
Assume that there is no air leakage, and there is negligible change in pressure or temperature of air though
the process. Calculate the flow rate of air through the baghouse and kilogram of dust collected per day at
the baghouse.

Solution

1. Draw the process diagram of air pollution control facility.
The process diagram and system boundaries are shown in Figure 3.9.

Exhaust air to atmosphere
Flow = 200 m3/min

Dust = 0.9 g/m?
4

Exhaust steam Bypass mixed with baghouse exhaust
Flow = 200 m?/min Flow = X (m?/min)
Dust = 10.0 g/m? Dust = 10.0 g/m?

| |
1 |
g |
L |

! Baghouse exhaust
: Flow = Y (m3/min)
1 Dust =0.02 g/m?

Baghouse

A\ 4

Baghouse inflow
Flow = Y (m3/min)
Dust = 10.0 g/m?

Calculation results
X = 18 m3/min
Y = 182 m?/min
W = 1816 g/min or 2615 kg/d

Dust removed
W (kg/d)

FIGURE 3.9 Process diagram of air pollution control facility (Example 3.9).

2. Conduct a flow balance at system boundary A.

200 m?/min =X + Y
X =200m’/min — Y
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3. Conduct a mass balance at system boundary B and calculate gas flow through baghouse.

X x 10.0g/m’ + Y x 0.02 g/m’ =200 m?/min x 0.9 g/m’
(200 m*/min — Y) x 10g/m> +0.02g/m’> x Y = 180 g/min

2000 g/min — 10 g/m> x Y +0.02 g/m> x Y = 180 g/min

9.98 g/m’ x Y = 1820 g/min

Y = 182 m’/min

4. Determine the flow X bypassed the baghouse at system boundary A.
X = (200 — 182) m?/min = 18 m*/min

5. Conduct a mass balance at system boundary C, and calculate dust collected in the baghouse.
Yx10g/m’ — Yx 0.02g/m’> =W
182 m*/min x (10.0 - 0.02) g/m’> = W

W =182 m’/min x 9.98 g/m’ = 1816 g/min

60 min/h x 24h/d

Dust collected in the baghouse = 1816 g/min x 1000 g/kg

= 2615kg/d

EXAMPLE 3.10: SLUDGE SOLIDS CONCENTRATION IN THE FILTRATE

A sludge dewatering filter press receives thickened sludge that has 3% solids and specific gravity of 1.02.
The dry solids in thickened sludge are 1800 kg/d. The solids capture efficiency of dewatering facility is
85%. The dewatered sludge cake has solids content of 30% and specific gravity of 1.04. Calculate (a) vol-
umetric flow rate of sludge cake, m>/d and (b) volumetric flow rate and TSS in the filtrate.

Solution

1. Draw the process diagram and system boundary (Figure 3.10).
2. Determine the volumetric flow rate of thickened sludge (Stream A).

100kg wet sludge 1

sludge = 1800kg dry solids/d :
Qsludg g dry solids/d x 3kg dry solids ><1020kg/m3wetsludge

=58.8m°/d

3. Calculate the solids in the sludge cake (Stream B) and filtrate (Stream C).

Solids capture efficiency of dewatering facility is 85%.
Solids captured in sludge cake (Stream B) = 1800 kg/d dry solids x 0.85 = 1530 kg/d dry solids
Solids in filtrate (Stream C) = 1800 kg/d dry solids x (1 — 0.85) =270 kg/d dry solids

4. Calculate the volumetric flow rate of sludge cake (Stream B).

100 kg sludge cake » 1
30kg dry solids ~ 1040 kg/m?

Qcake = 1530kg dry solids/d x =49m’/d
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Sludge
sludge
Stream A | 1800 kg/d
3% solids
sp. gr. = 1.02
—_—— - -
Filtrate P -~ =
Qflllrate / \\
TSS e Stream C / Sludge dewatering \
< .l filter press ]
\ solids capture 85% /
\ /
N s
N . - _ _ P

—

e 1B Dewatered sludge cake

cake

30% solids
sp. gr. = 1.04

FIGURE 3.10 Process diagram and system boundary (Example 3.10).

5. Calculate the volume and TSS concentration of filtrate (Stream C).

Qfiltrate = 58.8m°/d — 4.9m*/d = 53.9m?/d

270kg/d

TSS ==
filtrate 53.9 m3/d

x 1000 g/kg = 5009 g/m> or 5009 mg/L

EXAMPLE 3.11: SOLIDS CONCENTRATION IN THICKENER OVERFLOW

Total quantity of sludge collected in a secondary wastewater treatment plant is 8500 1b per day. Primary
sludge is 60% of combined sludge by weight, and has solids concentration of 3% by weight, and sp. gr. of
1.02. The secondary sludge has solids concentration of 0.8% and sp. gr. is 1. The combined sludge is thick-
ened in a gravity thickener, and the supernatant is returned to the head of the plant. The solids capture
efficiency of thickener is 90%. The thickened sludge has solids content of 8% and sp. gr. of 1.04. Calculate
(a) the volume of the thickened sludge and (b) TSS in thickener supernatant.

Solution

1. Draw the process diagram and system boundary (Figure 3.11)
2. Calculate the dry solids and volumetric flow rate of primary sludge.

TSS (dry solids) in primary sludge = 85001b/d(dry solids) x 0.6 = 51001b/d

1001b 1

rimary — 1 1 li
Qprimary = 51001b dry solids/d x 31 X62,41b/ft3><1-02

=2671ft*/d

3. Calculate the dry solids and volumetric flow rate in secondary sludge.
TSS (dry solids) in secondary sludge = 8500 1b/d(drysolids) x 0.4 = 34001b/d

Q _34001b dry solids 9 1001b 9 1
secondary = d 0.81b ~ 62.41b/f x 1.00

= 6811 ft>/d
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90%

Primary sludge Secondary sludge
Qprimary Qsecondary
60% of combined sludge by weight 40% of combined sludge by weight
3% dry solids 0.8% dry solids
sp. gr. = 1.02 sp. gr. = 1.00
Combined sludge
Qcombined X
F———— ——— + 25(1)2’/3@"_50_11(1_5)1 Supernatant
| qupernatant
: - _S_on;ls_ - supernatant >
| capture
|
|
I

Thickened sludge

chicl{ened
8% dry solids

sp. gr. = 1.04

FIGURE 3.11 Process diagram and system boundary (Example 3.11).

4. Determine the volumetric flow rate of combined sludge.

TSS (dry solids) in combined sludge = 8500 1b/d

Qeombined = 2671 ft3/d + 6811 ft* /d = 9482 ft> /d
5. Determine the volumetric flow rate of thickened sludge.
TSS (dry solids) in thickened sludge = 85001b/d x 0.9 =76501b/d

Qs _76501b dry solids _ 1001b 9 1
thickened = d 8lb ~ 62.41b/f6 x 1.04

= 1474ft*/d
6. Determine the TSS concentration in supernatant.

Qsupernatant = (9482 — 1474) ft*/d = 8008 ft*/d

TSS (dry solids) in supernatant = (8500 — 7650) Ib/d = 8501b/d

850lb/d ~ 453.6g/lb
8008 ft3/d ~ 0.0283 m?/ft3

TSSsupemaqant = = 1700 g/m3 or 1700 mg/L

3.2.4 Mass or Concentration of Nonconservative Substances in Reactors

A nonconservative substance may undergo decay or generation; therefore, the mass balance analysis
must also include conversion reactions.
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EXAMPLE 3.12: ESTIMATION OF MASS CONVERSION RATE

A reactor receives a chemical compound at a rate of 0.2 mole/L-h. The exit rate of the same compound
from the reactor is 0.001 mole/L-h. Determine the rate of mass conversion for the following conditions:

1. There is no accumulation in the reactor, and
2. The accumulation is 0.08 mole/L-h.

Solution

1. Draw the reactor and system boundary (Figure 3.12).

Input rate = 0.2 mole/L-h I// Accumulation %\ Exit rate = 0.001 mole/L-h
a. 0 —
\ b. 0.08 mole/L:h '

FIGURE 3.12 Reactor and system boundary (Example 3.12).

2. Calculate the conversion rate.
a. Accumulation =0

0 =inflow — outflow + conversion
0 =0.2mole/L-h — 0.001 mole/L-h — Conversion
Conversion = (0.2 — 0.001) mole/L-h = 0.199 mole/L-h
b. Accumulation = 0.08 mole/L-h
0.08 mole/L:h = 0.2 mole/L:h — 0.001 mole/L-h — Conversion
Conversion = (0.2 — 0.001 — 0.08) mole/L-h =0.119 mole/L

EXAMPLE 3.13: SLUDGE STABILIZATION IN AN ANAEROBIC DIGESTER

The thickened sludge is pumped into an anaerobic digester for stabilization. The volatile matter is partly
converted into gaseous products (CH, and CO,). The digested sludge is pumped out daily and the super-
natant from the digester is returned to the aeration basin. The information regarding the raw sludge and
input rate, and digester performance is given below. Determine the quantity of solids (kg/d) and flow rate
(m?/d) of digested sludge and supernatant.

Thickened wet sludge input rate, Quickened sludge = 132 m’/d

Thickened dry solids input rate, Winickened siudge = 8180kg/d

VSS/TSS ratio in thickened sludge solids =71%

VS reduction (VSR) in anaerobic digester =52%

Solids in supernatant and density = 0.4% and 1000 kg/m’

Digested sludge solids and density = 5% and 1030 kg/m’
Solution

1. Draw the process diagram and system boundary (Figure 3.13).
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Thickened sludge s - o N Supernatant
Y
chickened sludge = 132 m%/d ,// N qupernatant
Wthickened sludge = 8180 kg/d,l VSR = 52% \\ Solids = 0.4%
VSS/TSS ratio = 71% / = : \ Density = 1000 kg/nf
\ I Digested sludge
\ 1
\\ ,’ Qdigested sludge
. Solids = 5%
Density = 1030 kg/m3
FIGURE 3.13 Mass balance around anaerobic digester (Example 3.13).
2. Conduct the flow balance.
Assuming the loss of moisture is negligible, Equation 3.5a is developed.
Rate of flow Volume lost
[ accumulation ] = Qthickened sludge — [Qdigested sludge + qupernatant] + |: e consumedi| (353)

Since both the rate of accumulation of flow, and volume lost or consumed = 0, relationship between
weight of supernatant and weight of digested sludge is established by Equation 3.5b.

chickened sludge = Qdigested sludge + qupernatant

132 m3 / d= Wdigested sludge Wsupernat ant
0.05 x 1030kg/m* " 0.004 x 1000 kg/m’

0.0194 m3/kg X Wdigested sludge +0.25 m3/kg X Wsupernatant =132 m3/d

Wsupematant = 528 kg/d —0.0776 x Wdigested sludge (3~5b)

3. Conduct a mass balance of volatile solids in the digester.
From mass balance to develop Equation 3.6a.

|:Rate of solids] . |:Rate of thickened] |:<Rate of digested )

accumulation solids input solids withdrawn

( Rate of solids )] |: ( Rate of volatile )]
+ . +|= . S
lost in supernatant solids stabilizaion

Substitute the values of solids mass in Equation 3.6a to establish Equation 3.6b.

(3.6a)

Volatile solids in input sludge = 8180 kg/d x 0.71 = 5808 kg/d

Volatile solids reduced = 5808 kg/d x 0.52 = 3020 kg/d

0 kg/d = 8180 kg/d - [Wdigested sludge] - [Wsupernatant] — 3020 kg/d

Wsupematant = 5160 kg/d - Wdigested sludge (36b)
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4. Determine the quantity of solids and flow rates of digested sludge, and those for supernatant.
Solve Equation 3.5b and 3.6b.
Wdigested sludge = 5022 kg/d and Wsupematant =138 kg/d

Qu 5022 kg dry solids » 100 kg wet solids 9 1
digestered shudge = d 5kg dry solids =~ 1030 kg/m? wet solids

= 98 m®/d wet solids
qupernatant = (132 —98) m3/d =34 m3/d

3.3 Flow Regime

Hydraulic flow models are useful in evaluating the effect of residence time, flow rate, and reactor perfor-
mance. There are three flow regimes that may occur in a continuous flow system (a) ideal completely mixed
flow, (b) ideal plug flow, and (c) dispersed plug flow.

In the ideal completely mixed flow regime, the elements of fluid upon entry into the system are dis-
persed immediately throughout the system. In the ideal plug flow regime, the elements of fluid pass
through the system in the same sequence in which they enter. The particles retain their identity and remain
in the reactor for a time equal to the theoretical detention time. It should be realized that the ideal plug flow
and completely mixed flow regimes are the two limiting cases. The actual flow regimes will lie between the
two ideal conditions. The dispersed plug flow regime will encounter any degree of partial mixing between
plug flow and complete mixing.

3.4 Types of Reactors

Mixing of chemicals, and biological and chemical reactions are carried out in containers, vessels, or tanks.
These are commonly called reactors. Homogenous reactors are (1) batch reactor, (2) continuous-flow
stirred-tank reactor (CFSTR), or complete mix reactor, (3) the plug flow, tubular flow, or piston-flow reac-
tor, and (4) dispersed plug flow, arbitrary-flow, plug flow with longitudinal mixing, or intermediate-mixed
flow reactor.””

Heterogeneous reactions involve more than one phase (such as solid and liquid). Such reactions are
normally carried out in (1) fixed-bed or packed-bed, (2) moving-bed, and (3) fluidized-bed reactors.
The principal types of homogenous reactors are discussed below.

3.4.1 Batch Reactor

In a batch reactor, the flow is neither entering nor leaving the reactor. The contents are well mixed for
desired time for conversion to occur, and then the resultant mixture is discharged. This is a nonsteady-
state process where the composition changes with time. Since the composition is uniform throughout
the reactor, a mass balance analysis can be applied at any time.

EXAMPLE 3.14: MASS BALANCE AND DECAY EQUATION IN A BATCH
REACTOR

In a batch reactor, a substance is undergoing first-order decay. Sketch the batch reactor, and develop the

equation representing the change in composition with reaction time, ¢.
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Solution

1. Draw the definition sketch.
The definition sketch of batch reactor is shown in Figure 3.14.
Reaction vessel

where the

V,C composition
changes with time

Mixing

FIGURE 3.14 Definition of batch reactor (Example 3.14).

2. Write the generalized mass balance equation.

The generalized mass balance equation is expressed by Equation 3.1.

[Accumulation rate] = [Input rate] — [Output rate] + [Utilization or conversion rate]
Since the input and output rates are zero, the equation is written as Equation 3.7.
[Accumulation] = [Decrease due to conversion]

dcC
=20 i, (3.7)

3. Rearrange and integrate Equation 3.7 within the limits to obtain Equations 3.8a through 3.8c.

C d t
Ca
—=—k|dt
J' Ca J
Co 0
C
In| — ) = —kt
n(C0>
1 C
= ——1 = .
=Tk “<c0> (3.82)
C=Cpe ™ (3.8b)
c% _ ok (3.80)
where

Co = initial concentration of a substance at t =0, mg/L
C = concentration of a substance at time ¢, mg/L
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EXAMPLE 3.15: MASS CONVERSION IN A BATCH REACTOR

A batch reactor is designed for removal or conversion of a substance. If the first-order reaction rate
constant at 20°C is 0.21 h™* and required removal at 10°C is 90%, determine the reaction time. Assume
61 = 1.047. Also, calculate the concentration ratio C/Cj at time ¢ = 4, 10, and 20 h.

Solution

1. Calculate the reaction rate from Equation 2.10 at 10°C.

ko= kyo (1.047)772° =021 h ™! x (1.047)1°"° =021 h~! x (1.047)"1°=0.13h !
2. Calculate the time required to achieve 90% conversion from Equation 3.8a.

For 90%, removed C/C, remaining ratio = (1 — 0.9) =0.1.

Substitute the remaining ratio in Equation 3.8a to determine ¢.

C 1
— =01 t=———1In(0.1)=17.7h
Co 0.13h7! n(0.D

3. Calculate the C to C, ratio at different time intervals from Equation 3.8c.

t = 4h, £ _ 670413h*‘x4h — 06

Co

£=10h, == OBN'XI0h _ g7
Co

£=20h, == 0BN xR _ 07
Co

3.4.2 Continuous-Flow Stirred-Tank Reactor

In a CFSTR, material entering is dispersed instantly throughout the reactor. As a result, the concentration
of material leaving the reactor is same as that at any point in the reactor. Mixing in a CFSTR is extremely
important. A round, square, or slightly rectangular reactor may be used. Baffles may be necessary to
control vortexing.

The flow schematic of a CFSTR is shown in Figure 3.15.

Conservative Tracer Response in a CFSTR: Tracer studies are conducted in a CFSTR to determine the
reactor response and flow regime. A nonreactive conservative tracer is normally injected at the influent
zone, and its concentration is measured with respect to time. The tracer may be applied as a slug input
or as a step (continuous) feed. In a slug input, a known volume of stock solution containing known

Mixing

FIGURE 3.15 Flow schematic of a CFSTR.
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quantity of tracer is released into the influent zone. A constant flow is maintained through the reactor. The
tracer concentration in the effluent is measured with respect to time. A step-feed tracer study utilizes con-
tinuous feed of known flow and concentration of tracer at the influent, and its concentration is monitored
in the effluent.*°

Conversion of Nonconservative (Reactive) Substance in a CFSTR: A nonconservative substance
undergoes conversion reaction in a CFSTR. The reaction may be zero order, first order, or second order.
The concentration equation at any time ¢ can be developed from mass balance relationship. The solution of
mass balance equations has been presented earlier. The concentration equation with first-order decay
under steady-state and nonsteady-state conditions are expressed by Equation 3.3.

EXAMPLE 3.16: C/Cy RATIO OF A CONSERVATIVE TRACER IN A CFSTR

A conservative tracer is injected into a CESTR. Develop the generalized concentration equations for the
effluent from a CFSTR receiving (a) slug tracer input and (b) step (continuous) tracer feed.

Solution

1. Write the generalized mass balance equations (Equations 3.1 and 3.3).

Accumulation | _ [ Input [ | Output n Utilization or
rate ~ | rate rate conversion rate

dc
V= QCy — QC + V(—kC)
For a conservative substance, the conversion term —kC=0. Equation 3.3 is simplified by

Equation 3.9a.

dcC
VE = QG — QC (3.92)

where
Q = flow rate through the reactor, m>/s
V' = volume of reactor, m>
Co = tracer input concentration, mg/L
C = tracer output concentration, mg/L

For slug input, Cy, e = initial concentration of tracer in the reactor volume right after the tracer is
fed at t = 0, mg/L. It is determined by Equation 3.9b.
Vvtracer Wtracer (3 k 9b)

CO,Slug = T Ciracer  OT CO,slug = %

where
Viracer = volume of slug tracer, m’
Ciracer = concentration of trace in the slug feed, mg/L (g/m?)
Wreactor = Weight of reactor, g

For step feed, Co ep = feed concentration of tracer in the influent into the reactor at > 0. It is
expressed by Equation 3.9c.

Qtracer

———C (3.9¢)
Q+ Quacer 7"

C0, step —
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When Q> Quracers (Q 4+ Qtracer) ® Q. Equation 3.9¢ is simplified to Equation 3.9d.

CO,step = % Ctracer (39d)

where
Qtracer = tracer flow rate fed into influent, m3/ s
Ciracer = concentration of trace in the tracer flow, mg/L

2. Develop equations for slug input.
Apply the condition of slug input to Equation 3.9a. For a slug input, Cy g, = 0 at £ > 0 after slug is
added. Rearrange Equation 3.9a at QCy g = 0.

ac__Q,
v

Use the integration limits: Cosug at t=0, and C at ¢, integrate the equation to obtain a remaining
concentration equation (Equation 3.10a) and a ratio equation (Equation 3.10b).

m(=S )= _& - !
Costug) V. (V) )

C = Cogsiug e t/? (3.10a)

C
v

(3.10b
CO,slug )

where 6 = theoretical detention time, h. It is expressed by Equation 3.10c.

0= (3.10¢)

v
Q
3. Develop the equations for step feed.

Apply the condition of step feed to Equation 3.9a. For a step feed, Cosep 7 0 at £ > 0 after tracer
injection begins. Rearrange Equation 3.9a.

dic = 9 dt
C(),step - C \4

Use the integration limits: Cosep = 0 at t =0, and C at ¢, integrate the equation to obtain a remain-
ing concentration equation (Equation 3.10d) and a ratio equation (Equation 3.10e).

© t

dcC Q
L
!(Co,step - C) Vj ‘

0
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Co,step — C
1H<L> = —t(9> = —t/0
CO,step \%

CO,step -C _ e,t/g C _ e,t/g
0,ste 0,ste]
G B G P

C= CO,step(1 - e_t/g)

C

—1—e
CO,step
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(3.10d)

(3.10e)

EXAMPLE 3.17: CONSERVATIVE TRACER PROFILE FOR SLUG AND STEP FEED

IN A CFSTR

A CFSTR has a volume of 35 m>. The constant flow in the reactor is 200 m>/d. The reactor flow regime
was established by (a) releasing in the influent zones a slug of 20 L stock solution containing 3.5 g/L tracer
and (b) feeding continuously 3.5 g/L stock tracer solution in the influent line at a rate of 100 L per day.
Determine the following for both test conditions (a) expected tracer concentration in the effluent at 2 and

6 h after the tracer injection, and (b) tracer profile as a function of C/C, versus t/6.

Solution

1. Determine the theoretical detention time 6 of the CFSTR from Equation 3.10c.

\%4 35m?

2. Determine initial tracer concentration C, and concentration C at time 2 h (C,) and 6 h (C) since tracer

injection. Also, calculate dimensionless ratios C/C, and t/6.

a. Slug input.
Calculate the initial concentration Co s from Equation 3.9b.

3.5g/Lx 20L

CO,slug = 35m3 =2 g/m3

Calculate the concentration C, at t, =2 h from Equation 3.10a.

C, = CO,Slugeftl/g = Zg/rn3 x e 2h/42h — 1 94 g/rn3

Calculate the concentration ratio C,/Cylug from Equation 3.10b.

G

_ e—tz/t‘l _ E_Zh/4‘2h —0.62
C0,slug

153

h = 0.48
42h
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Repeat the calculations for ts =6 h.

Cs = Co,sluge_tsw = 2g/m3 x e 0h/42h — 48 g/m3

Cs — o 1s/0 — ~6h/42h _ oy
C0>slug
fo_ 6h _ 4
6 42h ’
b. Step feed.

Calculate the initial concentration Co e, from Equation 3.9d.

100L/d

—— % 35¢g/L=175g/m’
200md <> & g/m

CO,step =
Calculate the concentration C, at £, = 2 h from Equation 3.10d.

Cy = Costep(1 — e7/%) = 1.75g/m’ x (1 — e ?M*?") = 0.66 g/m’
Calculate the concentration ratio (C,/Cyep) from Equation 3.10e.

G
CO,slug

—1— e*tz/g —1— efzh/4A2h —0.38

Repeat the calculations for f5 =6 h.

Cs = Costep(1 — e7/%) = 1.75g/m’ x (1 — e **?") = 1.33 g/m’

Cs
CO,slug

=1—e /% =104 _ (76

3. Draw the tracer profiles.

Assume a series of time intervals (t) after the slug is added or since the tracer injection began and
calculate /6, (C/Cytug)> and (C/Co sep) ratios. The tracer profile data for the slug input and step feed
are summarized in Table 3.1.

The profiles are shown for (a) (C/Cosiug) Versus /6, and (b) (C/Coep) Versus ¢/6 in Figure 3.16.

TABLE 3.1 Tracer Profile Data for Slug and Step Feed (Example 3.17)

Slug Input Step Feed
Time Step (¢), h t/0
C g/m’ C/Co, siug C, g/m’ C/Co, step

0 0 2.00 1.00 0.00 0.00

0.5 0.12 1.77 0.89 0.20 0.11

1 0.23 1.59 0.80 0.36 0.21

2 0.48 1.24 0.62 0.66 0.38

0.95 0.77 0.39 1.07 0.61

1.43 0.49 0.25 1.33 0.76

10 2.38 0.19 0.10 1.59 0.91

20 4.76 0.02 0.01 1.74 0.99
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FIGURE 3.16 Tracer profile in CESTR: (a) slug input, and (b) step feed (Example 3.17).

EXAMPLE 3.18: STEADY-STATE OPERATION OF A NONCONSERVATIVE
SUBSTANCE WITH FIRST-ORDER DECAY

A reactor receives industrial material for product conversion. The reactor volume is 500 m>, and influ-

ent and effluent flow rates are 50 m>/d. The concentration of feed material is 650 mg/L, and it is

consumed according to first-order kinetics with k= 0.28 day~'. Develop the kinetic equation, and

determine the exit concentration of the material. The process is operating under steady-state

condition.

Solution

Use Equation 3.3, and apply steady-state condition (V(dC/dt) = 0).
The solution is expressed by Equations 3.11a through 3.11c.

0=QC, — QC — VkC

Cc— COV (3.11a)
1+ k—
Q
Co
0 11
C=11%0 (3.116)
© 1
L4 11
Co 1+k0 (3.119)

Substitute the data in Equation 3.11a to determine the value of C.

650 g/m> _ 650g/m’
500m> 14 2.8
50 m?3/d

C=

=171g/m’
14+028d7! x

EXAMPLE 3.19: TIME-DEPENDENT CONCENTRATION OF A
NONCONSERVATIVE SUBSTANCE

A nonconservative substance has an influent concentration of C,. It undergoes conversion reaction
A — B which is known to be first order (r= —kC). Conduct mass balance analysis, and (a) develop
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time-dependent concentration equation, (b) determine the steady-state concentration equation
when t=o00 and compare the concentration with Equation 3.11b, (c) calculate the concentra-
tion of the substance at time t=1 and 3 day, and oo, and (d) calculate the steady-state concentra-
tion from Equation 3.11b and compare it with time-dependent concentration from time-
dependent equation when t= oo. Use the following data: V=480m> Q=30m>/d, C,=40g/m’,
and k=0.18d" %

Solution

1. Develop the time-dependent concentration equation.
a. Develop the mass balance equation from Equation 3.3.

vE_ oc - ac+ vicko)

b. Simplify and rearrange the above equation.

dc 1
E:T/[_C(QJ“W) + QGCo]
_ Q Q
(2er) e

dc Q . Q

c. Integrate the above equation.
i. Substitute (Q/V) + k by the following equation (Equation 3.12).

1+ ko
(%

dC Q
prnd Oy

ii. Multiply both sides by the integrating factor .
dc Q
—+pC| =G )
ol = (o)
iii. The left side of the equation is written as a differential.
d Q
2 bty = ¢ 2 bt
A=y
t Q 4
d(C") = Gy at
ct = Qcojeﬂf dt
\4
iv. Integration yields the following (Equation 3.13a).

c = %%eﬂ' +k (3.13a)
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when t=0, C=C,

(g, QG

vV p

v. Substitute the value of k in Equation 3.13a to obtain the nonsteady-state solution of time-
dependent concentration expressed by Equation 3.13b.

QG _ _
C===(1—-e?)+ Cpe? 3.13b
Vv ( )+ Co ( )
2. Determine the effluent concentration C when t = 0.
a. Substitute t = co and solve.

1

eft=eP=— 0
eOC
_ QG _ e —peo
C_Vﬂ(l e ") + Coe
_QG
C=37
_Q G _Q G
V/(Q VaQ \4
<V+k> V(H—ka)
Go @
C = =
\%4 1+ k6
1+k—
(1+43)

b. Compare the above equation with the steady-state equation (Equation 3.11b).
The steady-state equation Equations 3.11b and 3.13b are identical when ¢ = co.
3. Calculate the concentration of nonconservative waste in the effluent when ¢ =1 day, 3 days, and .
a. Calculate § from Equation 3.12.

3
ﬂ:9+k_30m/d

v tk="0 3 +0.18d7! = 0.243d7!

b. Calculate C for t =1 day, 3 days, and oo from Equation 3.13b.

t=1 day
QC _
C= V?O(l ) 4 Coe

_30m’/d " 40 g/m>
T 480m3 © 0.243d7!

_1 —1
X (1 _ 670‘243(:1 xld) +4Og/m3 X 670243(1 x1d

=10.29g/m® x (1 — 0.784) + 40 g/m> x 0.784

= (2.22 + 31.36) g/m> = 33.6 g/m’
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t=3 day
C =10.29g/m® x (1 — 0243471 x3d) | 40 g/m® x o—0243d7"x3d
=10.29g/m® x (1 — 0.482) + 40 g/m> x 0.482
= (5.33 4+ 19.28) g/m’ = 24.6 g/m’
t=o0
C =10.29g/m>(1 — 0) +40g/m’ x 0 = 10.3 g/m’
4. Calculate the steady-state concentration C from Equation 3.11b and compare it with the concentration
obtained from Equation 3.13b when ¢ = .
Co 40 g/m>
1+k0

Steady-state concentration C = =10.3g/m’

480 m*

1+018d7 ' x ——
+ X 30m/d

Concentration C = 10.3 g/m> when t = co (see Step 3b above)
This comparison clearly shows that the time-dependent nonsteady-state equation yields steady-
state result when ¢ is very large.

EXAMPLE 3.20: STEADY-STATE CONVERSION OF A REACTIVE SUBSTANCE
IN A CFSTR

A CFSTR receives a reactive substance. The first-order reaction rate constant k = 0.30 h~'. What is the
residence time 6 to achieve 90% conversion under steady-state condition? Plot the fraction remaining (C/
Co), and fraction removed (1 — C/C,) with respect to corresponding residence time 6. Also, derive linear
relationships that can be used to determine the reaction rate constant k based on the experimental data.

Solution
1. Plot fraction remaining and removal curves.
a. Select the conversion equation.
The first-order conversion relationship under steady-state condition is expressed by
Equation 3.11b.
C
C=—2
14 k6

b. Rearrange Equation 3.11b to solve for the residence time 6.

G —-C
6=
kC

c. Equation 3.11c gives a relationship between C/C, and 6.

c 1
Co 1+ko

d. Rearrange Equation 3.11b to obtain the relationship between (1 — C/C) and 6.

_C_ kK
Co 1+k0

e. Develop the data for plotting the above two relationships.
Use 90% conversion as an example.
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C=Cy— 0.9 x Cp=0.1C, (fraction remaining)
1— C/Cy=0.9 (fraction removed)

- —0.1 .
_G-C_G-01G _ 09 .

0 = =
kC kx (0.1Cy) 0.30h7! x 0.1

Assume different values of conversions and repeat the calculations. The results are tabulated in
Table 3.2.

Note: If the experimental data are utilized, the relationships between the fraction remaining
(C/Cy), and fraction removed (1 — C/C,) with respect to corresponding residence time 6 are

developed and summarized as in Table 3.2.

TABLE 3.2 Fraction Remaining and Removed of a Reactive Substance in a CFSTR with Respect to Residence
Time (Example 3.20)

Conversion, %

Parameter
100 90 80 60 40 20 10 0
C/C,, fraction remaining 0 0.1 0.2 0.4 0.6 0.8 0.9 1
1 — C/Cy, fraction removed 1 0.9 0.8 0.6 0.4 0.2 0.1 0
6, h 0o 30 133 5 222 0.83 0.37 0
Relationship between C,/C and 6

6, h 0o 30 133 5 220 0.83 0.37 0
Co/C oo 10 5 2.5 1.67 1.25 1.11 1

Relationship between Cy/(Cy - C) and 1/6
1/6, h! 0 0.033 0.075 0.2 0.45 1.2 2.7 oo
Co/(Co — C) 1 1.11 1.25 1.67 2.5 5 10 0o

f. Plot the curves.
The relationships between the fraction remaining (C/C,) and fraction removed (1 — C/Cy)
with respect to corresponding residence time 6 are plotted in Figure 3.17a.
2. Derive linear relationships for determining k.
a. Equation 3.11b is rearranged as follows.

G
<= 1+ ko
A linear relationship between C,/C (a reverse of fraction remaining) and 6 is developed. The
first-order reaction rate constant k can be determined from the slope of the linear relationship
from experimental data (Figure 3.17b).
b. Equation 3.11b can be rearranged into the following relationship.

G, 11
G —C k6
A linear relationship between Cy/(Cy — C) (a reverse of fraction removed) and 1/6 (a reverse of
residence time) is developed. The first-order reaction rate constant k can be determined by revers-
ing the slope of the linear relationship obtained from experimental data (Figure 3.17c¢).

c. Develop the data for plotting above two linear relationships.

Use 90% conversion as an example.

Co/C=1+01=10
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Co/(Co—C)=1+09=1.
1/6=1+30h=0.033h""

Assume different values of conversions and repeat the calculations. The results are also pro-

vided in Table 3.2.
(a) 1.0 1.0
(=}
5 Fraction removed ____ ——¢ O
S 0.8- —— 089
b — =
£ 061 062
] )
E =
S 04- 04
= =
S 2
g 0.2 [ T——— 0.2 E
|4 . s ey
004 Fraction remainjing | 00
0 10 20 30 40
6 (h)
—&— Fraction remaining —¢— Fraction removed

—~
=2
=
=
[
—
(g}
~—
—_
[\

3
2
. 10 3 10
e 5
S %8 =G 8
EY / £ O /’
%%ﬁ 6 / ‘3 o 6
9 £ S 4
5§ g 4 S 4 y
g £ o Jisxo g G 1
= o < S G-g ke
<% —_
g f o
or’ & 04
0 10 20 30 40 0 1 2 B 4
6h 1/6/(h1)

FIGURE 3.17 Concentration profiles and linear relationships of reactive substance in the effluent under
steady-state conditions: (a) C/C, and (1 — C/C,) versus 6, (b) C,/C versus 6, and (c) C;/(Cy — C) versus
1/6 (Example 3.20).

d. Determine k from linear plots.

The linear relationships are also plotted in Figure 3.17b and c.
e. Validate k from Figure 3.17b and c.

i. From Figure 3.17b.

o = a0 -1 —03h!
30h
ii. From Figure 3.17c.
1 (10—-1)
-=——=3.33h
k— 27h7!
1

k=-—-—=03h"

3.33h

iii. Compare the results with the given k.
The k value determined from either Figure 3.17b or c is exactly same of that given in the
example statement.
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EXAMPLE 3.21: NONSTEADY-STATE CONVERSION OF A
REACTIVE SUBSTANCE IN A CFSTR

3-29

A reactor receives industrial waste for destruction of hazardous substance. The influent flow and concen-

tration vary considerably. The reactor data are summarized below:

Reactor volume, V = 480 m’ Average waste concentration, Cy =40 mg/ L

Average flow, Q = 30m’/d First-order reaction kinetic coefficient, k = 0.18 d™"'

The reactor is operating under nonsteady-state condition. Using Equation 3.13b develop the

following plots: (a) concentration profile C versus reaction time #; and (b) Dimensionless parameters

C/Cy versus t/6.
Also, indicate steady-state concentration line on these plots.

Solution

1. Calculate 6 from Equation 3.10c.

2. Calculate § from Equation 3.12, and steady-state concentration of hazardous substance.

_ 30m’/d

=T +0.18d7! = 0.243d7!

_Q
p=y+k

C 1 40g/m’
Q X 2= ——x Lm_l =10.29g/m> (steady-state concentration)
V. p 16d 0.243d

3. Substitute the above values in Equation 3.13b and simplify to obtain Equation 3.14.

Q G _ _
C="x—21—e?) +Ce”
v ( )+ Co
C=10.29g/m’ x (1 — e "3 47%") 4 40g/m? x ¢ 023 =t (3.14)
4. Tabulate the data for plotting the concentration profile curves (Table 3.3).
TABLE 3.3 Nonsteady-State Conversion of a Reactive Substance in a CFSTR (Example 3.21)
Ld e 028 d 't (- 670A243d*1z) 10.29 x (1 — 670A243d*1z) 40 x ¢—0-243d7 't C g/m’ C/Cy
0 1 0 0 40 40 0 1
0.5 0.886 0.114 1.18 354 36.6 0.0313  0.92
1 0.784 0.216 2.22 314 33.6 0.0625 0.84
1.5 0.695 0.305 3.14 27.8 30.9 0.0938 0.77
2 0.615 0.385 3.96 24.6 28.6 0.125 0.71
3 0.482 0.518 5.33 19.3 24.6 0.188 0.62
6 0.233 0.767 7.89 9.31 17.2 0.375 0.43
10 0.0880 0.912 9.38 3.52 12.9 0.625 0.32
15 0.0261 0.974 10.0 1.04 11.1 0.938 0.28
20 0.00775 0.992 10.2 0.310 10.5 1.25 0.26
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5. Plot the concentration profile C versus ¢ from the data tabulated above.

The values are plotted in Figure 3.18a. The steady-state concentration of 10.29 g/m”> obtained from
Equation 3.11b is also shown in Figure 3.18a.

6. Plot the dimensionless values C/C, versus t/6 (Figure 3.18b).
The steady-state concentration ratio C/Co = (10.29 g/ m°)/(40 g/ m’) =0.26 (Figure 3.18b).

(a) 50 | | (b) 1.2 I I
5 Nonsteady-state condition 1.0 I\éonstéady—state condition
7 - - —pt
c=QV—;0(1_e*/’f)+coe*ﬁf - c, Wj(l‘e”‘HCoe/’
= 30 ~ - iy
cé” % Steady-state condition go 0.6 1 7Sgaady»sltate condition
o 20 c=—Co C, 1+k6
1+ kO 0.4 4 = 0 %
10 ! oA | o b= Tt aa
C,=10.29 mg/L ’ C/Cy=0.26
0 : : : 0.0 :
0 5 10 15 20 25 0.0 0.5 1.0 L5
t,d t/6

FIGURE 3.18 Concentration profile in the effluent under steady-state and nonsteady-state conditions: (a) C
versus t, and (b) dimensionless parameters C/Cy versus /60 (Example 3.21).

EXAMPLE 3.22: STEP FEED OF A REACTIVE SUBSTANCE IN A CFSTR

A constant flow is maintained through a CESTR. At t = 0, a reactive substance is added in the influent
stream at a constant rate. The conversion reaction is of the first order. Determine (a) the output con-
centration equation as a function of time, (b) output concentration when ¢ = oo, (c) output concentration
as g/m> at t =1 and 4 h, and oo from the start of step feed, and (d) output concentration profile as g/m>
and as dimensionless parameters C/C, and t/6 for both the reactive and conservative substances.

The operational conditions of the reactor are: V=20 m>, Q=200 m3/ d, G, in step feed =120 g/m3,
and k=02h"

Solution
1. Development of the output concentration equation of a reactive (nonconservative) substance.
Write the mass balance equation for the reactor (Equation 3.3).
dcC
VE = QCy — QC + V(—kC)

Rearrange the equation to obtain Equation 3.15a.

iCc_Q_ Q

oy yCkC

iC_ Q. Q VoY 1.

E‘VC"_VC(IJFEIC)_@[C" C(1 + 6k)] (3.153)

Rearrange and integrate Equation 3.15a to obtain Equations 3.15b and 3.15c.

C t

j dc IJ 1 Co—(1+kO)C] ¢
= —|at- In =
Co—C(l+k0) 0 1+ k6 @ 0

Co 0
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Co(1 — e~ (+k0/0y

= T+ 70 (3.15b)

C (1 — ko)

> 3.15
G 1+ ko (3.159)

2. Develop steady-state equation when t = .
Substitute t = oo in Equation 3.15b and solve. Steady-state equation C= Cy/(1 + k6) (Equation
3.11b) is reached.
3. Determine output concentration in g/ m’,
Calculate 6 from Equation 3.10c.

Vv 20 m’

_azmxmh/dzmh

Calculate C values from Equation 3.15b when t=1, 4 h and 0.

120 g/m® x (1 — ¢~(+02h7" x24b)x(1h/24h))

whent=1h, C= =
(1+0.2h™" x 2.4h)
_ 120g/m’ x (1 — e %)
a 1.48
=373g/m’
120 3 1— —(14+0.2h7 ' x2.4h)x(4h/2.4h)
whent=4h, C = g/m” x ( ¢ = ) = 74.2g/m3
(1+02h7" x 2.4h)
120 g 1—e® 120 g
when t = o0, C = g/m’ x ( ¢ )— g/m :81.1g/m3

1.48 148
4. Develop the output time response calculation table.
The calculations are developed from Equation 3.15b for reactive substance. The data for conserva-

tive substances utilize Equation 3.10d. These calculations are summarized in Table 3.4.

TABLE 3.4 Output Concentrations of Reactive and Conservative Substance in a CFSTR (Example 3.22)

Reactive Substance Conservative Substance
C from C from
hh /e Equation 3.15b, chuﬁ ﬁgngSC Equation 3.10d, Eqié E‘(’):;’T()e
g/m g/m
0 0 0 0 0 0
0.5 0.21 21.5 0.18 22.6 0.19
1 0.42 37.3 0.31 40.9 0.34
2 0.83 57.5 0.48 67.8 0.57
1.67 74.2 0.62 97.3 0.81
10 4.17 80.9 0.67 118 0.98
15 6.25 81.1 0.68 120 1.00

20 8.33 81.1 0.68 120 1.00
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Plot concentration profiles.

The output time response curve of reactive (nonconservative) substance in g/m3 versus reaction
time f is shown in Figure 3.19a. The output time response curves for reactive and conservative sub-
stances as dimensionless parameters C/C, versus t/6 are shown in Figure 3.19b.

100 (b) 12
% 4 i i 10 o <
0.8 4
60 1 C. (1—e1+k0)1/8) o —
c= —4——— S 061 Conservative ]
1+ k6 o
407 / c 16
L .t |
i Reactive c. 1 -e")
0
20 0.2 c (1 — e~ (1+k0)116)
C,  (+ko)
0 0.0 } } }
0 5 10 15 20 25 0 2 4 6 8 10
t,h t/0

FIGURE 3.19 Concentration profiles: (a) output concentration of reactive (nonconservative) substance,

and (b) comparison of concentration profiles of reactive (nonconservative) and nonreactive (conservative)
substances in dimensionless parameters (Example 3.22).

EXAMPLE 3.23: NONSTEADY STATE REACTIVE PURGING OF A REACTOR

A

WITH FIRST-ORDER DECAY

manufacturing plant stabilizes its waste in a reactor before discharging the effluent into a sanitary

sewer. The raw waste concentration is 250 mg/L. The reactor volume is 750 m>, and volumetric flow

rate is 30 m>/d. The waste is stabilized under steady-state condition exhibiting first-order reaction kinetic

(k

=0.37 dfl). For annual maintenance, the waste input into the reactor is terminated at t = 0, while

the flow of clean liquid is continued for reactive purging of the reactor.

a. Determine the steady-state concentration of waste before purging started.

b. Develop the generalized equation to express the reactive purging of the reactor. Check the boundary
conditions (t=0 and t = 00).

c. Determine the concentration of waste in the reactor after 2 days since waste input is terminated and
purging started, at t=0.

d. Draw the concentration profile in the reactor for steady-state condition until the reactor purging
is complete.

Solution

1. Determine the steady-state concentration of waste in the reactor before purging started.

Calculate 6 from Equation 3.10c.

V. 750m?

=3 30mijd_ 24
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Substitute the data in Equation 3.11b to determine the steady-state concentration in the reactor dur-

ing continuous feed.

G 250mg/L _ 250mg/L
T 1+k0 14037d7'x25d  10.25

C = 24.4mg/L

2. Develop the generalized equation to express the reactive purging of the reactor before purging started.
Simplify Equation 3.3 to determine C as a function of time.
dc
V—=QGC, — QC — VkC
dt
Since waste input is terminated, Co = 0.
dc

Vo= —C(Q + Vk)

Integrate the differential equation to solve for C.

t

C
j’LC: J—(Q/V—Fk)dt
C
Co 0

where
t =0, exponential term e’ = 1
C = C,, steady-state concentration in the reactor is reached.

! = o0, exponential term e~ =0
C =0, the reactor purging is complete.

In(C) — In(Cy) = —(Q/V + k)t

C
ln(—) =—(Q/V+k)
Co
C = Cye~@V+hr
C = Cye (/0

C — (KO0
Co

3. Determine the concentration of waste in the effluent after 2 days (t = 2) since purging began.
C= Coe—(1+k6))t/9

C=24.4mg/L x e—(1+0A37d’1><25d)><(2d/25d)
C =24.4mg/L x e "% = 24.4mg/L x 0.44 = 10.7 mg/L

4. Draw the concentration profile in the effluent before and after reactive purging began.

a. Under steady-state condition, Cy = 24.4 mg/L.
b. Assume different values of ¢ and repeat the calculations to determine values of C. The results are

provided in Table 3.5.
5. Data plot is shown in Figure 3.20.
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TABLE 3.5 Nonsteady State Reactive Purging Data of a Reactor (Example 3.23)

Reactive Substance

t, d

t
1+ ke)é ek C, mg/L
0 0 1 244
0.5 0.205 0.815 19.9
1 0.410 0.664 16.2
1.5 0.615 0.541 13.2
2 0.820 0.440 10.7
2.5 1.03 0.359 8.8
3.5 1.44 0.238 5.8
5 2.05 0.129 3.1
7 2.87 0.057 1.4
9 3.69 0.025 0.6
12 4.92 0.00730 0.2
30 \ \ \ \
C, 24.4 mg/L (Steady-state condition)
2B | secootooo oo oo oot e eo oo oo o0
E 20
o
g 15
9}
10
5 \.‘\-\ - ‘Coeimk"”/b"
0 \'\L* i
0 3 6 9 12 15
t,d

FIGURE 3.20 Concentration profile of industrial waste undergoing reactive purging from steady-state oper-
ation (Example 3.23).

3.4.3 Plug Flow Reactor

In an ideal plug flow reactor, the elements of fluid pass through the reactor and are discharged in the same
sequence in which they enter the reactor. The flow regimes are characterized by the following (1) each fluid
particle remains in the reactor for a time period equal to the theoretical detention time, and (2) there is no
longitudinal dispersion or mixing of the fluid elements as they move through the system. Plug flow
regime is approached in systems that have large length-to-width ratio for rectangular basin or large
length-to-diameter ratios for circular pipes. At a length-to-diameter ratio of 50:1, the flow approaches
plug flow regime if the velocity is not excessive.*”

Conservative Tracer Response with Slug Input: If a slug of dye tracer is released in an ideal plug flow
reactor, it will move and form a band. As the flow continues, the band will move through the reactor. It will
emerge as a band in the effluent at the theoretical detention time 6 (Equation 3.10c). The generalized tracer
band movement is shown in Figure 3.21a.
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FIGURE 3.21 Movement of tracer in an ideal plug flow reactor: (a) slug band and (b) step-feed profile.

Conservative Tracer Response with Step Feed: In a plug flow reactor, the continuous dye tracer feed
results in a continuous discharge of concentration Cj after the theoretical detention time 6. Prior to 6, no
dye will be detected in the effluent. The step-feed tracer profile is shown Figure 3.21b.

Stabilization of Nonconservative (Reactive) Substance in a PFR: A nonconservative substance
undergoes zero-, first-, or second-order decay in a PFR. The concentration of reactive substance in the
reactor varies from point to point along the flow path. The concentration equations for steady-state
and nonsteady-state conditions can be developed from mass balance procedure.*”

Saturation-Type Reaction: The residence time equations of CFSTR and PFR for saturation-type reac-
tion under steady-state condition (r = -kC/[K, + C]) were presented in Section 2.3.2. The saturation-type
reaction requires values of Co, K, and k. The final results are quite sensitive to these values. Readers may
refer to Equation 2.7a, and Examples 2.10, 3.32, and 3.33 for more information.>*’

EXAMPLE 3.24: SLUG TRACER INPUT IN A PLUG FLOW REACTOR

An ideal plug flow reactor is a long channel. The channel volume is 38 m® and flow is 500 m®/d. The tracer
solution contains 4 g dye/L. A slug of 19 L dye solution is released into the influent zone. The tracer band
has a concentration of 8.4 times C,. Determine (a) average expected tracer concentration C, if it is
completely mixed in the basin, (b) theoretical detention time 6, (c) tracer concentration in the band,
and (d) time for emergence of the band in the effluent. Draw the tracer profile.

Solution

1. Calculate C, from Equation 3.9b.

Vi 19L
Cojslug = %C}mer = 38m® x 4g/L =2g/m’ or 2mg/L

2. Calculate the theoretical detention time 6 from Equation 3.10c.

Vo8’

T Q 500m?/d
or @ = 0.076d x 24h/d = 1.8h

=0.076d

3. Calculate the tracer concentration in the band, and time for the band to exit in the effluent.
Tracer concentration in the band or piston =2 g/m> x 8.4 = 16.8 g/m’

Time for dye concentration band to reach eftluent is 6 or 1.8 h.
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4. The tracer profile is shown in Figure 3.22.

20 1 Tracer
input
2 168 ‘—/ ——————————
téb Concentration
= 151 band travels
'% toward the
,E outlet structure
S 10 4
£ .
Q
$—
[}
& ~ 0.6 h ~ Tracer band emerges in the
=5 effluent after 6 = 1.8 h
1 1 1
1 2 3

Travel time, h

FIGURE 3.22 Slug conservative tracer band moving in an ideal plug flow reactor (Example 3.24).

EXAMPLE 3.25: STEP FEED OF A CONSERVATIVE TRACER IN A PLUG FLOW
REACTOR

The flow in a force main 1000 m long and 92 cm diameter represents an ideal plug flow regime. The veloc-
ity in the force main is 1 m/s. A 2 g/L tracer solution is continuously injected into the force main at a rate
of 0.5 L/s. Determine the following (a) flow through the force main, (b) theoretical detention time, (c)
average tracer concentration in the force main, and (d) time and concentration of emergence of tracer
at the outlet point. Draw the tracer profile.

Solution

1. Calculate the flow through the force main.

A= %DZ = 2(0.92 m)? = 0.665 m>

Q=vxA=1m/s x 0.665m> = 0.665m°>/s

2. Calculate the theoretical detention time 6.

0 V. LxA L 1000m 1000
= —_—= = —-= = S
Q vxA v 1m/s

1 min
or @ = 1000s x

3. Calculate the average tracer concentration Cj in the force main.

Injection rate of tracer in the force main =2g/L X 0.5L/s=1g/s

lg/s 3

Concentration of tracer in the force main = —=>——=1.5g/m
0.665m3/s

4. Determine the concentration and time of tracer emergence at the outlet zone.



Mass Balance and Reactors 3-37

Concentration of dye tracer at the outlet point = 1.5 g/m’

Time of emergence of the dye tracer at the outlet point = 16.7 min

5. The tracer movement and concentration profile are shown in Figure 3.23a and b, respectively.

(a) (b) 5
Tracer Tracer emergence in
Tracer input the effluent
input 5
Tracer front moves toward the S 4 Cy=1.5g/m i
effluent zone o : (Tracer concentration
-~ 3
5 ; > in the force main)
-~ i
S ; : 6 =16.7 min (time of
> 2 E 14 Tracer frf)nt : emergence of tracer
g = IT(RER 10l concentration)
§ : the force
g 0 main
H
0 5 10 15

Travel time, min

FIGURE 3.23 Profile of step feed of conservative tracer in an ideal plug flow reactor: (a) tracer front move-
ment in the force main, and (b) tracer concentration in the effluent and travel time (Example 3.25).

EXAMPLE 3.26: CONVERSION EQUATION OF REACTIVE SUBSTANCE IN A PFR

Develop the effluent concentration equation of a reactive substance treated in a PFR. The influent con-
centration is C, and first-order reaction constant is k.

Solution

1. Draw the definition sketch in Figure 3.24 for analysis of a PFR.

FIGURE 3.24 Definition sketch for analysis of nonconservative substance in a PFR (Example 3.26).

2. Apply the mass balance equations at the element dV (Equation 3.16a).
[Input] = [Output] + [Decrease due to reaction]

QCi = Q(Cl — dCl) aF rdV
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First-order reaction rate r = —kGC;

3. Rearrange and integrate to obtain Equations 3.16b through 3.16d.

C p p v
G
—=——|dv
j G Qj
@ 0
C k
Inf —)=——=V=-kO (3.16b
(Co> Q )
C= Coe_kg (3.16¢)
C —ko
— = 1
G ¢ (3.16d)

It may be noted that the concentration equations for a PFR (Equations 3.16¢ and 3.16d) are the same
as those for the batch rector (Equations 3.8b and 3.8¢). Therefore, for a reaction time equal to residence
time the performance of a PFR is same as that of a batch reactor when ¢ = 6 (the theoretical detention
time).

EXAMPLE 3.27: RESIDENCE TIME IN A PFR FOR A GIVEN CONVERSION

A PFR is designed to treat a waste that follows a first-order reaction kinetic. What is the residence time to
achieve 90% conversion? The first-order kinetic coefficient at the operating temperature is 0.30 h™".

Solution

1. Apply Equation 3.16c¢.

For 90% conversion, C=C, (1 — 0.9) =0.1C,

orc—Ol
C

Substitute the value in Equation 3.16c.
£ —01= e(—0430h")><n9
G
2. Determine the residence time 6.
Solve the above equation.

(=0.30h™") x 0 = In(0.1)

In(0.1) _ —23

= -1 = 1 == 7.7h
—0.30h —0.30h
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3.4.4 Comparative Performance of a PFR and CFSTR

It is well recognized that in wastewater treatment, the performance of a PFR is significantly higher than
that of a CFSTR. The comparison can easily be made by (1) comparing the hydraulic retention time 8
for a given degree of removal or (2) comparing the degree of removal for a given 6. In both cases, same
value of reaction rate constant and same reaction order must be used.*

First-order Reaction: The residence time equations of CFSTR and PFR are easily developed under
steady-state condition (r = —kC). Readers may refer to Section 2.5.2, and Examples 2.18 through 2.28,
and 3.18 through 3.23 as this information is developed earlier.

Second-order Reaction: The residence time equations of CFSTR and PFR for simple Type I second-
order reaction under steady-state condition can be easily developed. Readers may refer to Section 2.5.3,
and Examples 2.29 through 2.35.

EXAMPLE 3.28: RESIDENCE TIME EQUATIONS FOR CFSTR AND PFR

Express the hydraulic residence time equations of CFSTR and PER for first-order reaction under steady-
state condition. Also,calculate (a) residence times for PFR and CFSTR if removal is 90%, and (b) compare
the performance of both reactors. Assume k is 0.28 h™".

Solution

1. Express the hydraulic residence time equations for both reactors (r = —kC).
Equation 3.17 for CFSTR is developed from Equation 3.11b.

1 C
OcrsTR = E( L 1) (3.17)

CcrsTr

The following equation for PFR (Equation 3.18) is developed from Equation 3.16b.

1 (G
ePFR = kln< CO > (318)

2. Calculate the reaction time for both reactors to achieve 90% percent removal from Equations 3.17
and 3.18.
For 90% removal, C = (Cy — 0.9C,) = 0.1C,

or£—01
G

1 1
Ockst = ——— x [——1) =32.1h
CFSTR 0.28h‘1x<0.1 )

1
Oppr = ————— x In(0.1) = 8.2h
ber = = gt < nO-D

3. Compare the performance of both reactors to achieve 90% removal.
To achieve 90% removal, the residence time required for the CESTR is 32.1 h, while that for a PFR is
8.2 h. The ratio of (Bcgstr/Oprr) is 3.9. This shows that PFR is almost four times more efficient than a
CFSTR in achieving 90% removal efficiency.
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EXAMPLE 3.29: PERFORMANCE EVALUATION OF FIRST-ORDER REACTION IN
CFSTR AND PFR FOR A GIVEN RESIDENCE TIME

A CFSTR and PFR are operating under identical condition receiving same waste. The volumes of both
reactors are 35 m>. The flow through each reactor is 100 m>/d. The first-order reaction kinetic coefficient
is 0.28 h ™, and the influent concentration of waste is 280 g/m3 . Determine the following (a) the ratio of
effluent and influent concentrations from both reactors and (b) percent removal in each reactor. Compare
the performance of both reactors.

Solution

1. Calculate the hydraulic residence time in both reactors using Equation 3.10c.

V. 35w’

Q- 100 m3/d
orf =0.35d x 24h/d = 8.4h

=0.35h

2. Calculate the effluent concentration from the CESTR using Equation 3.17.
1 280 g/m’
8.4h X ( g/m’ _ 1)

" 0.28h7" Ccrstr
CCFSTR = 83.5 g/I’l’l3

The CFSTR effluent concentration can also be calculated directly using Equation 3.11b.

1 280 g/m’®

= = 83.5¢/m>
1+k0 1+40.28h7!x8.4h g/m

Cerstr =
3. Calculate the effluent concentration from the PFR from Equation 3.18.

84h=— ! — x In Cor
0.28h 280 g/m?

CPFR = 26.7 g/m3

The PFR effluent concentration can also be calculated directly from Equation 3.16c.
Cppr = Coe—ke — 280 g/m3 > e—o.zsh”xs.th _ 26.7g/m3
4. Calculate the effluent and influent ratio for each reactor.

C . 3
CESTR _ 83.5g/m — 030
Co 280g/m3

G 26.7 g/m’
Cprr _ 26.7g/m" _ 0
Co 280g/m3
5. Calculate the percent removal in each reactor.
(280 — 83.5) g/m>
280g/m3

(280 — 26.7) g/m>
280g/m3

Percent removal in CFSTR = x 100% = 70%

Percent removal in PFR = x 100% = 90%
6. Compare the performance of both reactors under steady state and first-order reaction kinetics.
For the given hydraulic residence time of 8.4 h, the performance of PFR is 90% while that of CFSTR
is 70%.
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EXAMPLE 3.30: SECOND-ORDER RESIDENCE TIME EQUATIONS OF CFSTR
AND PFR

Express the hydraulic residence time equations for CFSTR and PER for the Type I second-order reaction
under steady-state condition. Also, calculate (a) residence times of CFSTR and PFR if removal is 90%, and
(b) compare the performance of both reactors. Assume k is 0.09 m®/g:h and Co = 100 g/m’.

Solution

1. Develop the generalized equation to express the Type I second-order reaction equation.
Write the mass balance equation for the reactor (Equation 3.3).

Vili—(tj = QCy — QC + V(—kC) (3.19a)

For the Type I second-order reaction, r = —kC.> The reaction is expressed by Equation 3.19.

vi—f = QCy — QC — VkC? (3.19)

2. Express the hydraulic residence time equation for the Type I second-order reaction in a CFSTR.
Under steady state in a CFSTR (dC/dt) = 0. Equation 3.19 is expressed by Equation 3.20a.

C—-C= gkC (3.20a)

Rearrange the equation to obtain Equation 3.20b.

G —C

- (3.20b)

OcrsTR =

3. Express the hydraulic residence time equation for the Type I second-order reaction in a PFR.
Under steady-state condition Cy = C. Equation 3.19 is expressed by Equation 3.20c.

‘;—f = —kC? (3.20¢)

Integrate and solve within the limits (Cy at t=0 and C at t= 6ppr) to obtain the following
(Equation 3.20d):

© ic Oprr
jf — j dt
C2
@ 0
1 1
(£-2) = -tom
Oprr = G-C (3.20d)
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4. Calculate the hydraulic residence time for both reactors to achieve 90% removal from Equations 3.20b
and 3.20d.
For 90% removal, C = (C, — 0.9C;) =0.1C,

o _ (G0 =01Cy) _ 0.9 _lon
CRSTR = 0.1G)? _ 0.09m3/gh x 0.01 x 100g/m®
Co — 0.1G 0.9
Oprr = =

= =1h
kCp x 0.1Cy  0.09m3/g-h x 0.1 x 100 g/m3

5. Compare the performance of both reactors.
To achieve 90% removal, the hydraulic residence time required for the CFSTR is 10h, while
that for a PFR is 1 h. The ratio of (6cgstr/Oprr) is 10. This shows that PFR is significantly more
efficient.

EXAMPLE 3.31: PERFORMANCE EVALUATION OF SECOND-ORDER REACTION
IN A CEFSTR AND PFR FOR A GIVEN RESIDENCE TIME

The volumes of a CFSTR and PFR are 35m’ each. The flow through each reactor is 100 m®/d.
The second-order kinetic coefficient is 0.09 m®>/gh and Cy= 100 g/m>. Determine the following (a)
the ratio of effluent and influent concentrations from both reactors, (b) percent removal in each reactor,
and (c) compare the performance of both reactors.

Solution

1. Calculate the hydraulic residence time of both reactors from Equation 3.10c.

%4 35m?
=—=———_=10.35d
Q 100m3/d

or@=0.35d x 24h/d =8.4h

2. Calculate the effluent concentration from the CFSTR using Equation 3.20b.

3
84T — 1 100g/m°> — C
0.09m?/g-h C?
100g/m’> — C
0.756m’ /g = —a

0.756 m* /gC* = 100 g/m’> — C
C? 4+ (1.323g/m’)C = 132.3 (g/m>)?

C=10.8g/m’
3. Calculate the effluent concentration from PFR using Equation 3.20d.

100g/m’ — C _100g/m’ — C
0.09m3/gh x 100g/m®> x C~ 9h ' xC

C=13g/m’

8.4h =
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4. Calculate the ratio of effluent to influent C/Cy in each reactor.

10.8 g/m?

C i crsTR = 1088/m° _ 0
Co 100 g/m?

C 1.3 ¢

C nprr = 138/™ o1

Co 100 g/m?

5. Calculate the percent removal in each reactor.

(100 — 10.8) g/m?

Percent removal in CFSTR = = 89%
100 g/m?
. (100 — 1.3) g/m’
Percent removal in PFR @ =——"""""=99%
100 g/m?

6. Compare the performance of both reactors.
For the given hydraulic residence time of 8.4 h, the removal efficiency of the PFR is 99%, while that
of CFSTR is 89% for second-order reaction.

EXAMPLE 3.32: COMPARISON OF RESIDENCE-TIMES OF CFSTR AND PFR FOR
A GIVEN REMOVAL BY SATURATION-TYPE REACTION

Express the hydraulic residence time equations of CFSTR and PFR for saturation-type reactions under
steady-state condition. Also, calculate (a) residence time of CFSTR and PFR if removal is 80%, and (b)
compare the performance of both reactors. Assume k, K, and C, are 0.19 g/m3-h, 10 g/m3, and 100
g/m’, respectively.

Solution

1. Express the saturation equation for both reactors (r = kC/[K; + C]).
The 6 for both reactors are expressed by Equations 3.21 and 3.22.°

(G — OK+©)
kC

1 C
Oprr = % (Ks hl(EO) + Co — C) (3.22)

2. Calculate the residence time for both reactors to achieve 80% removal.

OcrsTR = (3.21)

C=Cy—08Cy=02Cy=0.2 x 100 g/m’> = 20 g/m’

(Co—0.2Cy) x (10g/m* 4 0.2 x 100g/m*) 0.8 x (10 + 20) g/m’

0 — = =632h
CESTR 0.19g/m3-h x 0.2 G 0.19g/m3-h x 0.2
1 100 g/m?
=—— (1 SxIn[—2—) +1 ) 2
Oprr 0.l9g/m3~h( 0g/m’ x n<20g/m3) + 100 g/m 0g/m’)

1
=—(1 ’x 1.61+1 -2 ’) = 506h
019/ 3-h( 0g/m’ x 1.61 4 100 g/m 0g/m’) = 506

3. Compare the performance of both reactors.

0 632h
CEFSTR _ —1.25
eppR 506 h

The required hydraulic residence time of CFSTR is 25% longer than that of PER to achieve 80%
removal. Therefore, PFR is more efficient than CFSTR.
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EXAMPLE 3.33: PERFORMANCE EVALUATION OF SATURATION-TYPE
REACTION IN A CFSTR AND PFR FOR A GIVEN HYDRAULIC
RESIDENCE TIME

The volumes of a CFSTR and PER for saturation-type reactions under steady-state condition are 60 m>
each. The flow through each reactor is 100 m>/d. The reaction rate kinetic coefficient k = 0.85 g/m>h,
Co =100 g/m3, and K;=10g/ m>. Determine the following (a) the ratio of effluent and influent con-
centrations from both reactors, (b) percent removal in each reactor, and (c) compare the performance
of both reactors.

Solution

1. Calculate the hydraulic residence time of both reactors from Equation 3.10c.

\%4 60 m?

~Q 100m?/d
orf =0.6d x24h/d = 14.4h

=0.6d

2. Calculate the effluent concentration from CFSTR using Equation 3.21.

(100 g/m* — C)(10g/m* + C)

14.4h =
0.85g/m3-h x C

Solve the equation for C.

C =89g/m’

3. Calculate the effluent concentration from PFR using Equation 3.22.
1 100 g/m?
144h=————(10g/m’ x In[ —2— ) +100g/m’ — C
0.85g/m3-h ( g/m’ x n( C ) +100g/m )

Solve the equation for C.
C =89g/m’

4. Compare the performance of both reactors.
Both reactors have equal performance under saturation-type reaction.

3.4.5 Performance of CFSTRs in Series (Cascade Arrangement)

Two or more CFSTRs when arranged in series will give higher removal efficiency than a single reactor of
combined volume. The performance increases with increasing number of reactors. A series of 10 CFSTRs
will have a performance approaching to that of a plug flow reactor, which has the residence time equal to
the combined residence time of 10 CFSTRs.>*”

EXAMPLE 3.34: SLUG CONSERVATIVE DYE TRACER IN SERIES CFSTRS

Total volume V7 is divided into n equal size of CFSTRs such that volume of each reactor, V.= Vy/n.
A slug of conservative dye is applied in the first reactor. If the concentration of dye in the first reactor
after mixing is C,, derive the expression for effluent concentration from the second and the ith reactor



Mass Balance and Reactors 3-45

in terms of (a) 8 = V/Q (based on divided volume V'), and (b) 8 = V1/Q = n6 (based on the total
volume V7 and n).

Solution

1. Draw the flow schematic (Figure 3.25).

Q

FIGURE 3.25 Process diagram with n identical CFSTRs in series (Example 3.34).

2. Write the word statement for conservative substance. There is no conversion in the reactors.
Accumulation = inflow — outflow

3. Develop the relationship in terms of divided volume V in series, 0 = V/Q.
a.  Write the symbolic equation for effluent from the second reactor (C;).

dc,
V— = QC; — QC
7 QC; — QG
e, Q.  Q
@ TveTya

Using Equation 3.10a to determine the effluent concentration from the first reactor (C;) with
respect to Co which is the initial concentration in the first reactor.

C] = Coeit/g

Substitute C; in the above equation to obtain the following (Equation 3.23):

G, Q. Q. .,
7 C =G (3.23)

b. Integrate Equation 3.23 to obtain the effluent concentration C, from the second reactor.
The integration procedure by substitution is given in Example 3.19. Using the same procedure, the
desired results are obtained.
Substitute & = V/Q in Equation 3.23. The effluent concentration from second reactor in series
is expressed by Equation 3.24.

G =G (g)e*f/g (3.24)

The effluent concentration from ith (i > 2) reactor in series is given by the following Equation
3.25.

_ Co t (=1 —t/6
TR (5) ¢ (©25)
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4. Develop the relationship in terms of total volume V- divided in # reactors in series, 6y = V1/Q = nf.
a. Apply Equation 3.3 (without reactive term) and write the symbolic equation for effluent concen-
tration from the second reactor (C,).

Vi dC,

——2=-QC -QC
" di QG — QG
i, Q. Q
Tty e sy G

Substitute C, = Cye~ % in the equation to obtain the following equation (Equation 3.26):

dc, Q Q ¢ Q _
2 R R0 = n 2 gentlon 3.26
gt +n VT 2 n VT 0€ n VT 0€ ( )

b. Integrate Equation 3.26 using substitution method.
The effluent concentration from the second reactor is expressed by Equation 3.27.

t
C2 = C()I’l(a) eim/gr (327)

The effluent concentration from ith (i > 2) reactor is expressed by Equation 3.28.

G £\ —nt/6
C = m [n(a)] e T (3.28)

EXAMPLE 3.35: EFFLUENT CONCENTRATION OF A CONSERVATIVE TRACER
THROUGH THREE CFSTRs IN SERIES

The volume of a CFSTR is 60 m>. It receives a flow of 240 m®/d. A conservative dye slug of 120 g is
placed into the reactor. Calculate the concentration of dye in the effluent after t=1.5h. If the reac-
tor volume is divided into three equal CFSTRs, determine the dye concentration in the effluent from
the first, second, and third reactors if the total hydraulic residence time remains at 1.5h in
three reactors.

Solution

1. Single CFSTR reactor (n = 1) having the combined volume V= 60 m>,
a. Calculate the hydraulic residence time in the CESTR.

Ve o 60m?
Or=— =~ —025d
T7Q " 240m3/d

or Oy = 0.25d x 24h/d =6h

b. Calculate the initial dye concentration C, in the CFSTR after mixing from Equation 3.9b.

Wiacer 120 g
CO = —-— 3 =
VT 60 m:

2g/m’.
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c. Calculate the dye concentration C in the effluent from a single CFSTR of combined volume after
t=1.5h (Equation 3.10a).

L5h
C=Ce /% =2g/m® x e 6h =2g/m® x ¢ % = 1.56g/m’

2. Three CFSTR reactors (n = 3) in series of volume V = 20 m®> each.
a. Calculate the hydraulic residence time in each CFSTR.

V20w’
T Q 240m3/d
or  =0.083d x 24h/d =2h
Or=n0 =3 x2h=6h

=0.083d

b. Calculate the initial dye concentration Cj in the first CFSTR after mixing from Equation 3.9b.

Whracer 120 g 3
Cp = Lmacer _ -6
0=y T ome - 0%/™

c. Calculate the dye concentration C; in the effluent from the first CFSTR after t=15h
(Equation 3.10a).

15h
C=Cee /" =6g/m> x e~ 2h =6g/m® x ¢ 7> =2.83g/m’

d. Calculate the dye concentration C, in the effluent from the second CFSTR after t = 1.5 h (Equation
3.24).

t 1.5h L5h
C = Co(a>e_t/0 =6g/m’ x (E) x e 2h =6g/m’ x 0.75 x e 7> =2.13g/m’

e. Calculate the dye concentration C; in the effluent from the third CFSTR (i = 3) after t=1.5h
(Equation 3.25).

C = - fol)! (5)071)6_”6 _ m 6)(371)6_”0 _ % (g)ze_t/g

G

6g/m*> (1.5h\> _1sh 6g/m’
- gém * (W) x e 2 =$x0.752 x e "7 =0.80g/m’

Note: The effluent quality from the last CESTR in series is superior to that from a single CESTR
of volume equal to total volume of CFSTRs in series.

EXAMPLE 3.36: CONSERVATIVE TRACER CONCENTRATION PROFILE FROM
THREE CFSTRs IN SERIES

Three CFSTRs are arranged in series and used in a slug input dye study. Plot the effluent concentration
ratio profile (C/C,) versus time dependent (¢/6) from each reactor.
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Solution

1. Calculate the ratios of C/C, from the first, second, and third reactors at t/6 = 0.2.

C
In the first reactor, from Equation 3.10b: C—l —e 0 =02 082
0

C t
In the second reactor, from rearranged Equation 3.24: C_Z =—e=02xe%=0.16
0

Cs 1/t\?2 1
In the third reactor, from rearranged Equation 3.25: C—3 = 5 (5) e = 5 x 0.2° x %2 =0.016
0

2. Develop data to plot C/C, versus t/6 curve.
From the different values of /6, the calculated effluent to influent ratio (C/C,) for these three reac-
tors are summarized in Table 3.6.

TABLE 3.6 Conservative Tracer Data for Three CFSTRs in Series
(Example 3.36)

C,/C, from the C,/C, from the C;/C, from the
t/0 first reactor second reactor third reactor
(Equation 3.10b) (Equation 3.24) (Equation 3.25)
0 1 0 0
0.2 0.82 0.16 0.016
0.4 0.67 0.27 0.054
0.6 0.55 0.33 0.10
0.8 0.45 0.36 0.14
1 0.37 0.37 0.18
1.2 0.30 0.36 0.22
1.4 0.25 0.35 0.24
1.6 0.20 0.32 0.26
1.8 0.17 0.30 0.27
2 0.14 0.27 0.27
2.2 0.11 0.24 0.27
2.4 0.091 0.22 0.26
2.6 0.074 0.19 0.25
2.8 0.061 0.17 0.24
3 0.050 0.15 0.22
3.5 0.030 0.11 0.18
4 0.018 0.073 0.15
4.5 0.011 0.050 0.11
5 0.0067 0.034 0.084

3. Plot the ratios of C;/C, versus t/6 for three reactors (Figure 3.26).
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FIGURE 3.26 Time-related effluent concentration profiles from reactors 1, 2, and 3 in three identical CFSTRs
operating in series (Example 3.36).

EXAMPLE 3.37: EFFLUENT QUALITY FROM CFSTRs IN SERIES
WITH FIRST-ORDER REACTION AND UNDER STEADY
STATE

Several CFSTRs of equal volume are operating in series. Develop the generalized equation expressing the
effluent concentration from the nth reactor. The reactors are operating under the steady-state condition.
The first-order reaction constant is k.

Solution

Develop the equations (Equations 3.29a through 3.29¢) from Equation 3.11b for the effluent
concentrations from the reactors in series.

C = % (first reactor) (3.29a)
C C

G = ; +lk 5= m (second reactor) (3.29b)

Gt G (nth reactor) (3.29¢)

C:—:i
"T14+k0  (1+kO)"

where
n = number of reactors in series
0 = residence time for each reactor
Co = initial concentration
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EXAMPLE 3.38: PERFORMANCE OF FIVE CFSTRs IN SERIES TREATING A
NONCONSERVATIVE SUBSTANCE

Five identical CFSTRs are operating in series. Influent concentration of a reactive substance is 180
mg/L. The first-order reaction rate constant is 0.83h™" and flow through the reactor assembly is
35m>/h. The volume of each reactor is 24.5m>. Calculate the effluent concentration from all five
reactors.

Solution

1. Calculate the hydraulic residence time of each reactor from Equation 3.10c.

V.  245m’
0=—=—"T

Q- %Bmm "

2. Calculate the effluent concentration from the first reactor from Equation 3.29a.

G 180 mg/L _ 180 mg/L
T 1+k0 1+083h!x07h 158

(0 = 114mg/L

3. Calculate the effluent concentration from second, third, fourth, and fifth reactors from Equations 3.29b

and 3.29c¢.
180 L 114 L
2 = 7mgé or 114 mg/L = 72mg/L
(1.58) 1.58
180 L 72 IL
c, = Bomg/L - T2mE/L_ et
(1.58) 1.58
180 L 46 1L
, - 180me/L - Ame/L g gL
(1.58) 1.58
180 L 29 1L
Cs = 180 mg/L ms/ = 18 mg/L

or
(1.58)° 1.58

EXAMPLE 3.39: TOTAL VOLUME OF CFSTRs IN SERIES TO ACHIEVE
A GIVEN REMOVAL RATIO OF A NONCONSERVATIVE
SUBSTANCE
Develop a generalized equation to express total residence time 6 of n reactors in series to achieve a given
effluent to influent ratio (C/C,). First-order reaction rate constant k is 0.85 h™". Also, calculate total vol-
ume of three CFSTRs to achieve 90% removal.

Solution

1. Express the C/C, ratio in terms of k and 6 for n CFSTRs in series (Equation 3.29c¢).

G 1
Co  (1+kO)"
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2. Express Or in terms of the C/C, ratio, and k for n CFSTRs in series (Equation 3.30).

0’1‘:}’10

. n C() i@
Or =1 (Cn) 1 (3.30)

3. Calculate the total 81 and 6 for each reactor for 90% removal in three CFSTRs in series.

@

1——=2=09
Co
C C
2 _0dlor 2=10
Co Ca
or=—— (105 = 1] = 3.53h x 2.15— 1) = 4.1h
= 3 — = 3. X B - = 4.
! 0.85h’1[ ]
n 3

G 1
= =0.1

Check from Equation 13.29¢c: — = =
C (1+4085h7!x1.4h)

EXAMPLE 3.40: COMPARISON OF HRTs IN A SINGLE AND THREE EQUAL
CFSTRs WITH THAT OF A PFR

Compare the hydraulic residence times of a single CFSTR, and three equal volume CFSTRs with
that of a PFR. In all cases, the removal efficiency is 90%, C, of reactive substance is 180 mg/L, and
k=085h"".

Solution
1. Calculate the C/C, ratio for 90% removal.

2. Calculate the 6y value of single CFSTR that has 90% removal efficiency from Equation 3.11c.

C_ 1 =S (<
Co 1+ko ¢kl TG

1
HT:10><07><(1—0.1)

85h7!
0r = 10.6h



3-52 Volume 1: Principles and Basic Treatment

3. Calculate the total retention time of three reactors arranged in series from Equation 3.30.

3

O = —
T 085h7!

1
[(10)3 — 1] —41h
4. Calculate the retention time of each reactor (n = 3).

n 3

5. Calculate the retention time of a single PFR from Equation 3.18.

1. [C 1
0=—-In[—)=———In0.1)=27h
k n(co) ossnt O

6. Compare the 07 values of different reactors.
The calculated values for three reactors for 90% removal are compared below:

Reactor 61, h

CFSTR 10.6

Three CFSTRs 4.1 (@ for each CFSTR in series = 1.4 h)
PFR 2.7

The 61 of single CFSTR is 3.9 times (10.6 h + 2.7 h) that of a PFR.
The total Oy for three CFSTRs in series is 1.5 times (4.1 h =+ 2.7 h) that of a PFR.

3.4.6 Graphical Solution of Series CFSTRs

The algebraic solution of CFSTRs in series can become very complex if reaction times and reaction rates
vary in different reactors. A graphical solution can be easily performed for any number of reactors having
different reaction rates and reaction times. The results are reasonably accurate.”

EXAMPLE 3.41: GRAPHICAL SOLUTION PROCEDURE OF CFSTRs IN SERIES

Describe the procedure of graphical solution of four CFSTRs operating in series. Use the following
information:

Co = influent concentration of a reactive substance, g/m>
Cy, Cy, Cs, and C, = effluent concentrations from reactors 1, 2, 3, and 4, g/m’
6, 6,, 65, and 6, = hydraulic residence times of reactors 1, 2, 3, and 4, h

k = reaction rate constant

The rate law equation (Equation 2.5) is generalized to express the rate of reaction:
r or —r, = kC", where # is reaction order (n =1 and 2 for first- and second-order reactions).

Solution

1. Plot the reaction rate equation (r = kC").
Assume different values of C and calculate r. Tabulate the data.



Mass Balance and Reactors 3-53

Plot on the y-axis the values of r against assumed values of C to obtain line r (Figure 3.27).
This line represents equation r = kC" (the reaction rate equation).

" & Slope = 1/6; /
S N /
N
N
N

S o r:kC”/

\\ L
\1
N\
= N
= SN /
gn " T Slope = 1/6, S /
b ~ ~
> N
~ «
W N N/
= ~
ry ¢ S\lope: 1/6 SJd [N
~ N (] N
i ~ L3 ~ ' ~
7y ¢ Slope=1/6, S / : N
S \L\4 S ; L : SN
73 [ N
S 7 ] A H N
/\é '\ S : \\ : S
() S—— &L % = N} > % h S
C C. C. C C
0 25 450 3 75 2 100 1 125 150 175 % 200
C, mg/L

FIGURE 3.27 Graphical procedure for determining effluent concentration from four CFSTRs in series
(Example 3.41).

2. Develop the generalized mass balance equation from Equation 3.3.

Vi—f: QCy) — QC+rpV

Since there is no accumulation (dC/dt) = 0 and r = -r,, the mass balance equation is expressed by
Equation 3.31a.

O:QCO—QC_T’V

v
C:Co—ar or C=Cy—0r (3.31a)
3. Obtain the slope equation (Equation 3.31b) by rearranging Equation 3.31a.
1
P @(Co -0 (3.31b)

The plot of r versus (C, — C) gives a linear relationship and slope of the line is 1/6.
When C = 0, the equation is simplified to Equation 3.31c.

,_G

r 9 (3.31¢)

The intercept of the line on y-axis (r') is Cy/6.
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4. Determine the effluent concentration C,; from the first reactor.

The hydraulic residence time of reactor 1 is 6; and slope of the straight line L; is 1/6;. To draw this
line, assume C," = 0 and calculate r," = Cy/6; from Equation 3.31c. Plot point (0, Cy/6;) on y-axis in
Figure 3.27. Draw a straight line L, connecting from (Cy, 0) to (0, ;") and crossing line r at point r;.
This line has a slope of 1/6;. Draw a vertical line from r; which gives the effluent concentration C;
on x-axis.

5. Complete the graphical solution for effluent concentration from other CESTRs.

Draw a straight line connecting from (C;, 0) to (0, r,") and crossing line A at point r,. The slope of
the line is 1/6,. Repeat the procedure. The lines and points are shown in Figure 3.27. The procedure is
explained further in Example 3.42.

Note: The slope of lines will not be parallel if 6,, 6,, 65, and 6, are different.

EXAMPLE 3.42: GRAPHICAL SOLUTION OF FIVE CFSTRs IN SERIES

Solve Example 3.38 using the graphical solution. The problem data are given below:

Number of CESTRs in series =5

Co = 180 mg/L
k =0.83h""
6 for each reactor =0.7h

ror —ra =kC

Solution

1. Develop the rate versus concentration data.
r=—rp = kC.

Assume different values of C and calculate r = kC.

kC values for assumed C as summarized below:

C, mg/L r=kC, mg/L'h
10 8.30
25 20.8
50 41.5
75 62.3
100 83.0
150 125
200 166

2. Prepare the rate line r as a graph between assumed C and calculated r.
The rate line r is shown in Figure 3.28.
3. Draw the line to obtain the effluent concentration (C;) from the first reactor.
Calculate ;" from Equation 3.31c.
Co 180mg/L

p ot 8L 57 mg/Loh
= 0.7h mg/
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Plot a straight line L; from (180 mg/L, 0) to (0, 257 mg/L-h). Determine the reaction rate r; at the
point, where L, is intercepting the rate line . Draw a perpendicular from r; to intercept x-axis at C;.
C,=114mg/L
Calculate the reaction rate r; from Equation 3.31b.

_ G —C _ 180mg/L —114mg/L

- - = 94mg/Lh
n 7 0.7h 94mg/

4. Determine the effluent concentration from other reactors.

Since all CFSTRs are identical, 6 remains the same for all reactors and all slope lines will be parallel
to have the same slope of 1/6. Draw a straight line L, from (114 mg/L, 0) parallel to L;. Determine r, by
the intercepting point of straight lines L, and the rate line r and then C, on x-axis. Repeat the procedure
to obtain effluent concentration from each of the other reactors. The procedure is also shown in
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Figure 3.28.
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FIGURE 3.28 Graphical solution of five identical CFSTRs in series (Example 3.42).

5. Summary of the effluent concentrations from all five reactors.

The results are summarized below:

C,=114mg/L r; =94 mg/Lh
C,=72mg/L r, =60 mg/Lh
C; =46 mg/L r3 =37 mg/L'h
Cy=29mg/L ry=24mg/L-h

Cs =18 mg/L rs = 16 mg/L-h
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3.5 Plug Flow Reactors with Dispersion and Conversion

Plug flow with dispersion is an intermediate flow regime between the ideal plug flow and ideal completely
mixed flow. It is also referred to as intermediate-mixed flow, arbitrary flow, nonideal flow, or flow with axial
dispersion. All dispersion problems are three dimensional, and dispersion coeflicient varies with direction
and degree of turbulence. To simplify the analysis, one-dimensional dispersion with longitudinal mixing
(axial mixing) is usually assumed.

3.5.1 Flow Regime and Dispersion of Tracer

If a slug of conservative tracer is released into a rector near the inlet, a front is formed. The front is not
straight because of longitudinal transport of material due to turbulence and molecular diffusion. This initial
effect on front formation is shown in Figure 3.29a. As the tracer moves through the reactor, the mixing and
dispersion lengthen the zone of tracer (Figure 3.29b). Finally, the tracer exits from the effluent zone
(Figure 3.29¢).

3.5.2 Performance Evaluation of Sedimentation Basin

Tracer Exit Profile: The tracer exit profile (or observed recovery of tracer) from a sedimentation basin
with dispersion is shown in Figure 3.30. Several terms and relationships are used to define the flow char-
acteristics of the basin.® These are:

1. Flow through time or standard detention time. It is the time to reach the peak tracer concentration.
It is also called modal time 6sp

2. Average detention time. This time corresponds to the centroid of the observed recovery curve of the
tracer; it is also called median time (6Ap).

3. Nominal, theoretical, or mean detention time. It is the hydraulic retention time expressed by
V/Q or 6.

The following observations can be made from the tracer profile:

e In absence of short-circuiting, the standard, average, and nominal detention times must coincide.

o The ratios of standard and average detention time to mean detention time are <1.

o The ratios of difference between nominal and standard, (8 — 65p)/6 and nominal and average
(6 — Bap)/6 to nominal detention time increase with dispersion.

e In basins with low short circuiting, the relationship between the detention times may be expressed
by Equation 3.32.>'°

FIGURE3.29 Progress of slug tracer input in a plug flow reactor with dispersion: (a) tracer front formation, (b) tracer
front movement, and (c) tracer exit.




Mass Balance and Reactors 3-57

A

c/c,

A

FIGURE 3.30 Slug tracer exit curve for plug flow with dispersion.

Osp = Oap — 3(0 — Oap), (3.32)

where

Osp = standard detention time, min
6,p = average detention time, min
6 = nominal detention time, min

The actual shape of tracer exit profile can only be determined by tracer studies because the shape is
a function of multiple parameters that may include (1) geometry and relative dimensions of the reactor,
(2) mixing intensity, (3) dispersion coefficient, (4) dead volume, (5) short circuiting, and (6) density
stratification.

Most reactors used in water and wastewater applications exhibit flow regimes that are plug flow with
dispersion. Engineers prefer to design them as a plug flow system and apply a correction factor to simulate
the dispersed plug flow condition.” The correction factor may vary from 0.1 for unbaffled low length-to-
width ratio, to 1.0 for very high length-to-width ratio (pipeline flow) basins. The standard detention time
for a well-designed tank is expected to be larger than 30% of nominal detention time.

Mostly tracer tests are utilized to estimate the actual efficiency factor. The slug dye tracer profiles for
several types of sedimentation basins are shown in Figure 3.31."!

1.00

N\

J o /
0.50 5 \
0.25 5 /Q ) N

~_ ﬁC i\

=

04— .

0 025 050 075 1 125 150 175  2.00

/0

C/

FIGURE 3.31 Typical slug dye tracer curves for several tanks.

Note: Curve A is for ideal CFSTR (complete dispersion); Curve B is for radial flow circular tank (large dispersion); Curve C is for wide
rectangular tank with relatively shallow depth (medium to large dispersion); Curve D is for long narrow rectangular tank (medium or
intermediate dispersion); Curve E is for around-the-end baffled tank (small dispersion); and Curve F is for ideal PF tank (no
dispersion).
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Performance Evaluation: The tracer exit profile is useful in determining the performance of a sedimen-
tation basin. Fielder and Fitch developed empirical relationships between the dye tracer test data and the
sedimentation efficiency.® These relationships are expressed by Equations 3.33 through 3.39.

1 mg-min
Y-function) = C—-AC A, 3.33
Z( unction) Z( 3 ) L ( )
Y -functi
Z (Z-function) = Zw, ms (3.34)
L
t ——At
2
1 mg~min2
W-functi = Y-functi t——-At), —— 3.35
Z (W-function) Z (Y-func 1on)< > ) L ( )
(Y -function)
Ogp=———"— 3.36
P 7 ¥(Z-function) (3.36)
X(W-function)
O = >(Y-function) (3.37)
Osp N
SDE = o x 100% (3.38)
6—06
PDV = TAD x 100% (3.39)
where
C = dye concentration, mg/L
AC = change in dye concentration, mg/L
At = time increment, min

SDE = standard detention efficiency, %
PDV = percent dead volume, %

EXAMPLE 3.43: PERFORMANCE OF A SEDIMENTATION BASIN WITH
CONSERVATIVE DYE TRACER

A relatively long sedimentation basin has a volume of 100 m?, and it receives a flow of 2 m®/min. A 320
gram slug of a conservative tracer is applied. The effluent samples were collected at suitable time intervals
and concentration of dye was measured in each sample. The results are summarized in Table 3.7.

a. Calculate C, and 6.

b. Draw the dye tracer profile curve as mg/L versus time.

c. Draw the dye tracer profile curve as C/C, versus /6.

d. Determine the standard detention efficiency, and percent dead volume in the basin.

Solution

1. Calculate the initial concentration C, of a slug input from Equation 3.9b.
C, is the average theoretical initial concentration of dye if it is completely mixed in the basin.

_ Wiracer _ 320g

_ 3
Co = vV - 100m 3.2g/m’ or mg/L




Mass Balance and Reactors 3-59

TABLE 3.7 Tracer Profile Data and Calculated Values of Parameters (Example 3.43)

£, C, t C A, AG C —1/24C, Y-function, t —1/24t,  Z-function, W-function,
min mg/L g ¢, min mg/L mg/L mg-min/L min mg/L mg-min®/L
o @ 6 @ 6 © (7) (8) ©) (10) 11)
0 0 0 0 - - - - - - -
4 0 0.08 0 4 - - - - - -
0.10 014* 003" 3 0.10° 0.05° 0.15" 5.508 0.027" 0.83'
10 0.25 0.20 0.08 3 0.15 0.18 0.53 8.50 0.062 4.46
13 083 0.26 0.26 3 0.58 0.54 1.62 11.5 0.141 18.6
16 148 0.32 046 3 0.65 1.16 3.47 14.5 0.239 50.2
20 245 040 0.77 4 0.97 1.97 7.86 18.0 0.437 141
25 2.85 050 0.89 5 0.40 2.65 13.3 225 0.589 298
30 232 060 0.73 5 —053 2.59 12.9 27.5 0.470 355
35 175 0.70 0.5 5 —057 2.04 10.2 32.5 0.313 331
40 140 0.80 0.44 5 —-035 1.58 7.88 37.5 0.210 295
50 092 1.00 029 10 —0.48 1.16 11.6 45.0 0.258 522
60 0.62 120 0.19 10 —-0.30 0.77 7.70 55.0 0.140 424
70 041 140 0.13 10 —0.21 0.52 5.15 65.0 0.079 335
80 028 1.60 0.09 10 —0.13 0.35 3.45 75.0 0.046 259
90 0.18 1.80 0.06 10 —0.10 0.23 2.30 85.0 0.027 196
100 0.12 2.00 0.04 10 —0.06 0.15 1.50 95.0 0.016 143
110 0.03 220 0.01 10 —0.09 0.08 0.75 105 0.007 78.8
118 0 2.36  0.00 8 —0.03 0.02 0.12 114 0.001 13.7
XY-function >Z-function X W-function
=904 =3.06 = 3465
. /min
50 min
b 0.10mg/L — @i
3mg/L

€7 min - 4 min = 3 min
40.10 mg/L - 0 mg/L =0.10 mg/L

1
€0.10mg/L =5 X 0.1 mg/L = 0.05mg/L
£0.05 mg/L x 3 min = 0.15 mg-min/L
1
€ 7 min =5% 3 min = 5.5 min

h 0.15mg-min/L

=0.027 IL,
5.50 min mg/

10.15 mg-min/L x 5.5 min = 0.83 mg-min®/"

2. Calculate the nominal detention time 6 from Equation 3.10c.

14 100 m? 50 mi
=—=————=>50min
Q 2m?/min
3. Plot the tracer profile of C, mg/L versus time ¢, min.
The tracer concentration in the effluent with respect to time of sampling t and other parameters are

calculated in Table 3.7. These values are plotted in Figure 3.32a.
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FIGURE 3.32 Tracer profile in the effluent from a plug flow reactor with dispersion during a slug tracer test:
(a) Cversus t, and (b) C/C, versus t/8 (Example 3.34).

4. Plot the tracer profile C/C, versus t/6.
The value of C/C, and t/0 at different time intervals are calculated in Columns (3) and (4) of
Table 3.7. The results are plotted in Figure 3.32b.
5. Calculate the standard detention efficiency and fraction dead volume.
The procedure for calculating Y-function, Z-function, and W-function from Equations 3.33 through
3.35 is tabulated in Columns (5) to (11) of Table 3.7.

Standard detention time from Equation 3.36,

_ > (Y-function)  90.4 mg-min/L
~ Y (Z-function)  3.06 mg/L

95]) = 29.5min

Average detention time from Equation 3.37,

> (W-function) 3465 mg-min?/L

AP > (Y-function) 90.4 mg-min/L i
. . . Osp 29.5 min
Standard detention efficiency Equation 3.38, SDE = — X 100% = ———— x 100% = 59%
0 50.0 min
0—-0 50 — 38.5 mi
Percent dead volume, PDV = 2 7AD 100% = wfmm x 100% = 23%
min

EXAMPLE 3.44: DEAD VOLUME IN A CFSTR

A tracer study was conducted in a CFSTR. The tracer concentrations in the effluent at different time inter-
vals are given below. The volume of the basin, the average flow, and influent concentration Cj to the basin
are 10 m>, 0.04 m°> /s, and 2.2 mg/L, respectively. Determine the dead volume.

t, s 50 100 200 300 400 500
C, mg/L 1.78 1.42 0.88 0.48 0.20 0.10
Solution

1. Calculate the ratio of tracer concentration C/C; in an ideal CFSTR from the experimental data.
The ratio of tracer concentration in an ideal CFSTR is expressed by Equation 3.10b.

C
S
Co

C/C, is calculated from actual tracer concentration and tabulated in Column (3) of Table 3.8.
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TABLE 3.8 Experimental and Theoretical Concentrations of Tracer in Effluent
from a CFSTR (Example 3.44)

ts C, mg/L C/Co g, s Cr, mg/L
(1) (2) (3) (4) (5)

50 1.78 0.81 236 1.80
100 1.42 0.65 228 1.47
200 0.88 0.40 218 0.99
300 0.48 0.22 197 0.66
400 0.20 0.09 167 0.44
500 0.10 0.05 162 0.30

> ¢ = 1208
a__o0min___ o i
ln(1.78 mg/L)
2.2mg/L

2. Determine the actual average experimental detention time 6 from experimental tracer data.
Rearrange Equation 3.10b to obtain the relationship.
o=——
In(C/Gy)

Substitute C/C, and ¢ for each data point to determine 8. These values are summarized in Column
(4) of Table 3.8.
3. Calculate the nominal detention time 6 from Equation 3.10c.

Vv 10 m?

= —=——— =250s
Q 0.04m3/s

4. Calculate the arithmetic average detention time from experimental data in Column (4).

>0 1208s
Oap = — =
n 6

=201s

5. Calculate the theoretical tracer concentration Cy from nominal detention time 6 using Equation 3.10a.
Cr= Coe =22 mg/L x G DS

Calculate Cy for different t values. These values are tabulated in Column (5) of Table 3.8.
6. Plot the actual and theoretical tracer concentrations in the effluent from the CFSTR.
The measured concentrations in Column (2) and theoretical concentrations in Column (5) are plot-
ted against ¢ in Figure 3.33.
7. Compare the results.
The plotted values show that dead volume exists because the tracer concentrations in the experi-
mental curve are lower than that in the theoretical curve. This is due to tracer washout.
8. Determine the dead volume.
The nominal detention time is 250 s. The average detention time is 201 s. Clearly, there is tracer
washout.

0—0 250s — 201
Percent dead volume, PDV = TAD x 100% = % x 100% = 20%
s
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FIGURE 3.33 Comparison of theoretical and experimental tracer concentrations in the CFSTR

(Example 3.44).

3.5.3 Dispersion with Conversion

The fundamental approach to understanding nonideal flow in reactors was proposed by Donckwerts."?
Wehner and Wilhelm developed steady-state solution for the first-order reaction (r = kC). The solution
is expressed by Equation 3.40, which is independent of inlet and outlet conditions, and depends upon

dispersion number (Equation 3.41)."

Value of k0

Fraction remaining, C/C,

FIGURE 3.34 Relationship between kg and fraction of concentration remaining for different dispersion numbers.

(From Reference 14 used with permission of American Society of Civil Engineers).
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TABLE 3.9 Typical Dispersion Numbers for Various Treatment Facilities

Treatment Facility

Dispersion Number

Waste stabilization pond

Single pond

Multiple ponds in series

Aerated lagoon

Long rectangular shape

Square shaped

Rectangular sedimentation basin

Aeration basin
Long plug flow
Complete mix

Oxidation ditch

Chlorine contact basin

1-4
0.1-1

1-4
3-4
0.2-2

0.1-1
3-4
3-4

0.02-0.08

Source: Adapted in part from Reference 3.

C 4ge!/2d
C_O - (1 + a)zea/Zd _ (1 _ a)ze—a/Zd
D DO
d=— or d=—
vL 12
where

a = coeflicient, dimensionless

a=+/1+ 4k0d

d = dispersion number, dimensionless
D = longitudinal axial dispersion coefficient, m*/h (ft*/h)
v = fluid axial velocity, m/h (ft/h)

L = reactor length, m (ft)
6 = hydraulic retention time, h

(3.40)

(3.41)

Thirumurthi developed Figure 3.34 to facilitate the solution of Equation 3.40."* In this figure, the
dimensionless term k@ is plotted against percent C/C, (remaining) for dispersion number d varying
from 0 for ideal PFR to infinity (co) for an ideal CFSTR. The dispersion number d varies for different
reactors. Typical values of dispersion number d for some wastewater treatment facilities are summarized

in Table 3.9.

EXAMPLE 3.45: EFFLUENT QUALITY FROM A REACTOR WITH DISPERSION

A stabilization pond is operating at 90% BODs removal efficiency. The dispersion number d of the pond is
0.1. The average flow and first-order reaction rate constant are 1000 m*/d and 0.4 d~", respectively. Cal-

culate the volume of the pond.

Solution

1. Determine the C/C, ratio.
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Removal efficiency = 90%
(1-C/C)=09
C/Co=(1—-09)=0.

2. Determine k6.

Volume 1: Principles and Basic Treatment

Read the value of k6 for C/Cy = 0.1 and d = 0.1 from Figure 3.34.

k6 =2.75
3. Calculate the volume of reactor.
275 275

k 04d!
V=Q60=1000m’/d x 6.9d = 6900 m*

0= =6.9d

EXAMPLE 3.46: DISPERSION COEFFICIENT

A UV disinfection facility is designed for reduction of coliform count in the secondary effluent of a

wastewater treatment plant. Total length of UV exposure is 300 cm. The velocity through the channel

is 22.5 cm/s. Performance of UV disinfection facility is high under plug flow condition. At a dispersion

coefficient D = 200 cm?/s low to moderate dispersion exists. Calculate the dispersion number d (Equation

3.41). Also, calculate (a) N/N, from Equation 3.40 and compare it with the value obtained from

Figure 3.34, (b) coliform number remaining and percent reduction from UV radiation. Because

of high rate of kill of coliform organism by UV radiation the first-order reaction rate k is assumed

0.29s™". Ny = 10* organisms/100 mL.

Solution

1. Calculate the dispersion number d for D = 200 cm?/s from Equation 3.41.

D 200 cm?/s

T VL 225cm/s x 300cm

2. Calculate the 6 value.

90— L (reactor length) 300 cm
~ w(velocity) ~ 22.5cm/s

3. Calculate the dimensionless factor k6.

k0 =029s"! x 1335 = 3.86

4. Calculate the dimensionless factor a.

a=+/1+4k0d = /1+4 x 3.86 x 0.03 = 1.21

=13.3s
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5. Calculate the dimensionless ratio N/N, from Equation 3.40.

1
N 4gel/X 4 x 1.21 x e2x0.03

= 2 2 _ = 121 1.21
No  (14a)ye? —(1—a)e (| || 212500 — (1 — 1.21)% 25003

4.84¢'%7 8.4 x 107

= = =0.03
4.88 x €202 —0.044 x 202 2.8 x 10° — 7.7 x 10~

6. Estimate the value of N/N, from Figure 3.34.

Estimate the value of N/N, for k0 = 3.86 and d = 0.03.
N/N,y~0.03

7. Compare the calculated and estimated values.
The calculated and estimated values are the same.
8. Calculate the coliform number remaining and percent reduction.

N=0.03 x 10* organisms/100 mL = 300 organisms per 100 mL

(10* — 300) organisms per 100 mL

Percent reduction = x 100% = 97%

10* organisms per 100 mL

EXAMPLE 3.47: OBSERVED E.COLI DIE-OFF IN A SERIES OF STABILIZATION
PONDS

Two stabilization ponds are operating in series. The operational data on both ponds are summarized
below. Estimate the E. coli number in the effluent from the second pond. The average flow and influent
E. coli counts are 4000 m>/d and 107 organisms/100 mL, respectively.

Operational Data First Pond Second Pond
Volume, ha-m 2 5
Dispersion number, d 0.25 0.1
Die-off coefficient (k), d 1.3 0.4

Solution
1. Calculate the 6 values for both ponds using Equation 3.10c.
Vi 2ham x 10,000m®/ha

In the first pond, 0, = Q= 2000m°/d

5d

V,  5ha-m x 10,000 m*/h
In the second pond, 6, _ Y2 _ >hamXx m3/ha

= =12.5d
Q 4000 m3/d

2. Calculate k@ for both ponds.

In the first pond, k;6; = 1.3 d!'x5d=65
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In the second pond, k,0, =0.4d™ " x 12.5d =5

3. Determine N/Nj for both ponds using Figure 3.34.

For d; = 0.25 in the first pond, (N/Ny); = 0.023 and k0, = 6.5

For d, = 0.1 in the second pond, (N/Ny), = 0.022 and k,6, =5

4. Estimate E.coli number in the effluent from the second pond.
(N/No)overati = (N/No)1 x (N/Np); = 0.023 x 0.022 = 0.00051 = 5.1 x 10~*

N in the effluent from the second pond

= Ny X (N/Nop)oyeran = 107 organisms/100 mL x 5.1 x 10~ * = 5100 organisms/100 mL

EXAMPLE 3.48: DISPERSION FACTOR AND PERFORMANCE OF A CHLORINE
CONTACT BASIN

A chlorine contact basin is 3 m wide and has three-pass baffle arrangement as shown in Figure 3.35. Ata
flow of 5000 m®/d, the depth in the basin is 1 m. The dispersion number d and reaction rate constant are
0.1 and 2.9 h™ . Determine (a) contact time 6, (b) dispersion coefficient D, (c) N/N, from Equation 3.40,
and (d) N/Ny, from Figure 3.34. The baffle wall thickness is 0.3 m.

| 11.5m |

5000 m*/d

-

oo Coooocoooooooooon oo oMo oo oo oo -« 9.6 m

- o 5000 m/d

FIGURE 3.35 Chlorine contact basin layout (Example 3.48).

Solution

1. Calculate the contact time 6.

Volume of basin, V' = (length x width x depth) — (volume of baffle walls)
=(115mx9.6mx1m)—2x(11.5—3)mx 0.3m x 1 m=105m>

Calculate 6 from Equation 3.10c.

1 3
g=Y - 105M _  idorg=0021dx24h/d = 05h
Q ~ 5000m3/d
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2. Calculate the dispersion coefficient D.

5000m’/d 1667 m/d
Velocity v = Q_ 5000m7/d =1667m/d or v = m/

- 2X7IVC _ 69.5m/h
A 3mx1im 24h/d m/

Total approximate length of flow pass=2 x (11.5 — 1.5)m+2 x 3+ 0.3) m + (11.5 — 3) m
=35.1m

Rearrange Equation 3.41 and calculate dispersion coefficient D.
D=dvL=0.1x69.5m/h x 35.1 m =224 m*/h

3. Calculate the ratio of N/N, from Equation 3.40.

k0=29h""'x 0.5h=1.45

a=+/1+4kOd =/1+4 x 1.45x 0.1 = 1.26

1
N 4g ¢!/ 4 % 1.26 x €2x01

= 2 2 = 1.26 1.26
NO (1+6l) e“/Zd—(l—a) 14 a/2d (1+126)2€m—(1 —1.26)2€7m

5.04¢° 748

= = =0.27
5.11 x €83 — 0.068 x e ®3 2783 — 1.25 x 10~*

4. Determine the ratio of N/N, from Figure 3.34.
Read the value of N/N, for k6 = 1.45 and d = 0.1.

N/No=0.27

The results obtained from Equation 3.40 and Figure 3.34 are compatible.

EXAMPLE 3.49: COMPARISON OF RESIDENCE TIMES FOR IDEAL AND
DISPERSED PFRs TREATING A NONCONSERVATIVE
SUBSTANCE

An ideal first-order PFR receives a nonconservative substance that undergoes 90% first-order conversion.
The residence time 6 is 6 h. Determine the residence time of a dispersed PFR that has dispersion num-
ber d= 1.0 and achieves the same removal.

Solution

1. Determine the C/C, ratio for 90% removal.
C/Co= (1 — 0.90) = 0.1
2. Determine the k value of an ideal PFR with 6 =6 h.
In an ideal PFR, the C/C, ratio is expressed by Equation 3.16d.

C_ —k6
G ¢
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Substitute C/C, ratio = 0.1 in the equation and solve for k6.

0.1=¢"

k0= —1In(0.1) = 2.3
23 23

= —=—=0. 1171

k 9 —sh 0.38

3. Determine the 6 value of a dispersed PFR with k= 0.38 h™".
Read the value of k6 for C/Cy = 0.1 and d = 1.0 in a dispersed PFR from Figure 3.34.

k6=5
5 5
f=-=—"—_—132h
kK 038h!

4. Comparison of residence times of ideal and dispersed PFRs.
For achieving a given conversion rate of 90%, the required residence time in a dispersed PFR is more
than double of that in an ideal PFR.

EXAMPLE 3.50: COMPARISON OF FRACTION REMAINING OF A
NONCONSERVATIVE SUBSTANCE IN IDEAL AND
DISPERSED PFRs

An ideal PFR has k= 0.35h"" and 8 = 8 h. Compare the fraction of a substance remaining in an ideal
PFR and in a dispersed PFR having d = 1.0.

Solution
1. Determine the C/C, ratio for an ideal PFR from Figure 3.34.

ko =0.35h"' x 8h=2.8
Read C/Cy = 0.06 for k& = 2.8 and d =0 in an ideal PFR.

2. Determine the C/C, ratio for a dispersed PFR with d = 1.0 from Figure 3.34.
Read C/Cy=10.2 for kO =2.8 and d =1.0.

3. Compare the fraction remaining.

Fraction remaining in an ideal PFR is 0.06, and fraction remaining in a dispersed PFR is 0.2. The
fraction remaining in a dispersed PFR is more than three times that of an ideal PFR.

EXAMPLE 3.51: REACTORS IN SERIES TO ACHIEVE A GIVEN REMOVAL OF A
NONCONSERVATIVE SUBSTANCE

A reactor has total volume of 50 m>. It receives a flow of 150 m?/d. The first-order reaction rate constant
for removal of a species A is 0.5 h™'. Determine the following:

a. The fraction of A remaining if the reactor is an ideal PFR, and
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b. Number of equal volume reactors in series with dispersion number d of 0.1 each. The total volume of
all reactors is 50 m? and overall efficiency being the same as that for the ideal PFR in (a).

Solution

1. Determine the fraction A remaining in the effluent from the ideal PFR.
Calculate 6 from Equation 3.10c.

VPFR _ 50 IIl3

Q- 7150m3/d x 24h/d = 8h

ePFR =

C/C, ratio is expressed by Equation 3.16d for an ideal PFR.

£ _ e—kom _ e—O.Sh”xSh — 0.018
G

2. Determine the number of reactors in series with dispersion number d of 0.1 that give C/Cy = 0.018.
Assume the number of reactors n = 3.

VpFR_50m3
n 3

Volume of each reactor Vi, = =16.7m’

; 16.7 m?

PFR :m X 24h/d: 2.7h

Hydraulic residence time in each reactor 6

kOppr = 0.5h7! x 2.7h = 1.4

Obtain C/C, ratio of 0.26 for each reactor from Figure 3.34 at k@’prr = 1.4 and d = 0.1.
Overall C/C, ratios for three reactors in series = (0.26)> = 0.018

Three reactors each of volume 16.7 m> and dispersion number of 0.1 in series will produce an
effluent quality approximately equal to that of a single ideal PFR with a total volume of 50 m>.
The ideal PFR has d = 0.

3.6 Equalization of Flow and Mass Loadings
3.6.1 Need and Types

All wastewater treatment facilities experience hourly, daily, and seasonal flow and strength variations.

Flow equalization is damping of the flow rate variations so that a relatively constant flow rate may be main-
tained through the downstream facilities. Depending upon the situation, flow equalization facilities there-
fore are provided to: (1) overcome the operational problems caused by the flow variations, (2) reduce the
surge through the units, (3) equalize the strength, and dilute toxic inhibitory constituents, and maintain
uniform concentrations and pH, (4) improve the performance of the process, and (5) reduce the size and
cost of treatment facilities." >

The flow equalization may be of two types (1) in-line, and (2) off-line. In the in-line system, the
entire flow is passed through the equalization basin. A constant flow is pumped from the basin. In
an off-line system, only the excess flow rate is diverted to the equalization basin and is rerouted
through the plant under low flow situations. In-line equalization basins offer better damping of the
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constituent mass loading, while only slight damping of constituents is achieved with off-line equaliza-

. . 15,16
tion basins.

3.6.2 Design Considerations

The design of equalization basin should utilize mixing and aeration to prevent solids deposition and odor
desirable. Rectangular, square,
and circular shapes with 4-6 m liquid depth have been adapted by the designers. Controlled flow pumping

problems. Location below grit removal or primary sedimentation basin is

is necessary from the equalization basin.

EXAMPLE 3.52: PROCESS TRAIN WITH EQUALIZATION

Volume 1: Principles and Basic Treatment

BASINS

Equalization basin is provided between grit and primary sedimentation basins. Draw the process trains to

show in-line and off-line arrangements of the equalization basins.

Solution

The process trains for in-line and off-line flow equalization basins, and flow patterns before and after

equalization are shown in Figure 3.36.

/

A B
— ) )
Ve R Grit In-line flow Constant flow  Flow Primary
removal o pumping measurement  sedimentation
equalization
(b) Diversion
structure
A B
— » y > > F , N
- + Flow i
Bar screen Grit measurement Primary
removal sedimentation
Off-line flow T
equalization
Controlled flow
pumping
(©)
Q Q

t
Flow pattern at A

t
Flow pattern at B

FIGURE 3.36 Process trains and flow pattern with equalization basins: (a) in-line, (b) off-line, and (c) flow

patterns (Example 3.52).
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3.6.3 Design Volume of Equalization Basin

The volume of an equalization basin is established for (a) flow equalization and (b) mass loading equal-
ization. Basin sizing for both conditions are given below:

Flow Equalization: The volume or storage capacity of an equalization basin is determined by either
graphical or analytical technique. The graphical technique requires preparation of a mass diagram in
which cumulative inflow volume and cumulative average day volume are plotted on the same plot against
the time of the day.'”'® The analytical technique is based on cumulative change in volume deficiency
between inflow and outflow as expressed by Equations 3.42a and 3.42b.

AV = Vi — Vo (3.42a)
AV = (Qin - Qout)At (3.42b)
where

AV = change in storage volume during a specified time interval, volume
Vin = total inflow volume during the specified time interval, volume
Vour = total outflow volume during the specified time interval, volume
Qin = total inflow, volume/time

Qout = total outflow, volume/time

At = time interval, time

Mass Loading Equalization: In an in-line equalization basin, the variable mass loading rate is also
equalized along with the flow rate. The degree of equalization depends upon the size of the basin. The basic
expression used to calculate the effluent concentration is usually expressed by the general mass balance
relationship of a completely mixed reactor without conversion. This relationship for an equalization basin
is expressed by Equation 3.43."

VdC = C,q,dt — Cq,dt (3.43)
(accumulation) (input) (output) .
where
V = volume of the tank, m’
dC = change in concentration in the tank, mg/L or g/m’
g. = average flow rate over small time interval, m’/s
dt = small time increment of time, s
C, = average concentration of material in the influent, mg/L or g/m’
C = concentration of material in the effluent (variable), mg/L or g/m’

VdC = g,(C, — C)dt

vV dc

dt = ———
qa (Ca - C)

Using the integration limits C; at ¢, and C, at t,, integrate the equation to obtain Equation 3.44.

r 14 rz dc
dt=—| ———
t 9alc, (O X0

14 C.—C
t—t) =—1 3.44
(t ) % n(Ca—C2> ( )
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where
t; = time at the start of the time increment dt, s
t, = time at the end of the time increment dt, s
C, = concentration in the effluent at the time t;, mg/L or g/m’
C, = concentration in the effluent at the time t,, mg/L or g/m’

EXAMPLE 3.53: STORAGE VOLUME BASED ON FLOW DIAGRAM AND CHANGE
IN VOLUME

The hourly flow pattern of an industrial process is given below. The treatment facility is designed for a
constant flow rate of 1500 m>/h. Determine the volume of equalization basin by flow diagram and change
in volume calculations. Also, draw the line representing the volume remaining in the basin.

Time Period MMM 5 53 34 45 5.6 67 7-8 89 9-10 10-11 LNO0@M—
1:00 a.m. noon
Flow, m*>/h 1050 960 930 930 975 1080 1170 1350 1570 1800 2100 2235
-1: 11: .m.—
Time Period %" 100 4 5 53 34 45 556 67 78 89 9-10 10-11 NO0PM
p.m. midnight
Flow, m*/h 2250 2235 2100 1920 1680 1380 1230 1350 1574 1574 1383 1170

Solution

1. Develop the calculation table for flow diagram and change in volume.
The calculations are provided in Table 3.10.
2. Develop the flow diagram.
a. Plot cumulative inflow and outflow with respect to time of the day. This plot is shown in
Figure 3.37.
b. Draw two tangents at points A and B on cumulative inflow line. Points A and B are at the valley
and hump of the curvatures. The tangents are parallel to cumulative outflow or pumping line.
3. Determine the required volume of the equalization basin using change in volume calculations.
The change in volume calculations are summarized in Table 3.11. The following information may
be drawn:
The basin is empty at 8:00 a.m.
The basin starts filling after 8:00 a.m. by the incoming flow to the plant.
It is completely full to its maximum volume of 4390 m” at 5:00 p.m.
The basin starts emptying after 5:00 p.m.
The basin is totally empty at 8:00 a.m on the next day.
This cycle repeats again.

-0 0 T

4. Determine the required volume of equalization basin from flow diagram.
The vertical distance between the two tangents is the required theoretical volume of the equalization
basin. This volume is 4390 m”.
5. Draw the line representing the basin volume remaining based on cumulative change in volume
(Figure 3.37).
a. From 8:00 a.m. to 5:00 p.m., is the filling cycle. The basin is filled in 9 h. From 5:00 p.m. to 8:00 a.
m.,, is the emptying cycle. The basin is emptied in 15 h.
b. During the filling and emptying cycles, a constant flow of 1500 m’ /h is withdrawn from the basin.
The maximum volume of 4390 m> on the curve represents the required theoretical volume of the
equalization basin.



Mass Balance and Reactors 3-73
TABLE 3.10 Calculations for Determination of Volume of Equalization Basin (Example 3.53)
Time At h Qi m*/h Qoup M°/h S AVip, m® S AVout, m® AV, m® S AV, m?
1) (2 (3 (4) (5 (6) (7) ®)
Midnight - - - - - - -
1:00 a.m. 1 1050 1500 1050 1500 —450 3105
2 1 960 1500 2010 3000 —540 2565
3 1 930 1500 2940 4500 —570 1995
4 1 930 1500 3870 6000 —570 1425
5 1 975 1500 4845 7500 —525 900
6 1 1080 1500 5925 9000 —420 480
7 1 1170 1500 7095 10,500 —330 150
8 1 1350 1500 8445 12,000 —150 0*
9 1 1570 1500 10,015 13,500 70° 70
10 1 1800 1500 11,815 15,000 300 370
11 1 2100 1500 13,915 16,500 600 970
Noon 1 2235 1500 16,150 18,000 735 1705
1:00 p.m. 1 2250 1500 18,400 19,500 750 2455
2 1 2235 1500 20,635 21,000 735 3190
3 1 2100 1500 22,735 22,500 600 3790
4 1 1920 1500 24,655 24,000 420 4210
5 1 1680 1500 26,335 25,500 180 4390°
6 1 1380 1500 27,715 27,000 —120¢ 4270
7 1 1230 1500 28,945 28,500 —270 4000
8 1 1350 1500 30,295 30,000 —150 3850
9 1 1574 1500 31,869 31,500 74 3924
10 1 1574 1500 33,443 33,000 74 3998
11 1 1383 1500 34,826 34,500 —117 3881
Midnight 1 1174 1500 36,000 36,000 —326 3555
* Basin is empty.
® Basin starts filling.
© Basin full. Required theoretical capacity of the basin is reached.
4 Basin starts emptying.
40,000
Za
T
30,000 =
o Cumulative 1angentat B B
g outflow or \ -
S 6 -~
§ pumping P - \
- 20,000 . \ T
E Required P Phe - Tangent at A
3 equalization - Cumulative
§ volume 4390 m3 P A change in volume
10,000 ™ - ‘ ‘
g o ‘ ‘ Cumulative Basin full
Z . inflow
Basin empty
Y ” -—9
0 e : : : :
Midnight 2 4 6 8 10 Noon 2 4 6 8 10 Midnight
Time

FIGURE 3.37 Mass diagram for determination of the capacity of the equalization basin and volume remain-
ing (Example 3.53).
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EXAMPLE 3.54: VOLUME OF AN IN-LINE EQUALIZATION BASIN

An in-line equalization basin receives variable flow. Determine the volume of an equalization basin to
withdraw a constant flow of 652 m? /min into a biological wastewater treatment plant. Use volume change
calculations and flow diagram to determine the volume. Indicate what time of the day the basin will be full

and empty.

Time Period MMMy 5 53 34 45 556 67 7.8 89 9-10 10-11 L100am-
1:00 a.m. noon

Average flow 582 468 348 276 222 210 252 432 750 870 900 912

rate during

time period,

m’/min

Time Period "0 45 53 34 45 56 67 7-8 89 9-10 10-11 ‘LO0PM-
p-m. midnight

Average flow 900 858 817 744 690 690 696 774 864 846 804 743

rate during
time period,
m’/min

Solution

1.

Determine the constant withdrawal rate from the equalization basin during each hour of

pumping.

Constant flow rate = 652 m’/min x 60 min/h = 39.1 x 10’ m>/h

. Determine the average variable flow during each hour time period.

Change in volume due to flow into the = 582 m? /min X 60 min/h x 1h (duration)
basin during midnight and 1:00 a.m.

=349 % 10°m®

Repeat calculations for each hour time period.

. Prepare a calculation table to determine the volume of the basin.

The cumulative inflow and cumulative outflow, and change in volume are summarized in
Table 3.11.

. Determine the basin volume based on volume change.

The theoretical volume of the equalization basin is 146 x 10° m®. The basin will be empty at 8:00
a.m. and it will be full at midnight.

. Determine the basin volume from the flow diagram.

The basin flow diagram and volume remaining at any time of the day are plotted in Figure 3.38. The
basin volume when full is 146 x 10° m”.

. Draw the volume change curve.

The equalization basin starts filling at 8:00 a.m. and is full at midnight in a period of 16 h. The basin
starts emptying at midnight and becomes empty at 8:00 a.m. in a period of 8 h. The volume change
curve is also shown in Figure 3.38.
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TABLE 3.11 Calculations to Determine Equalization Basin Volume (Example 3.54)
Time of Qins Vin > AVip, 10° Vous > AVout, AV, YAV,
Day m’/min 10° m? m’ 10° m? 10° m? 10° m? 10° m?
Midnight — — — — — — —
1:00 a.m. 582 349 349 39.1 39.1 —4.20° 141
2 468 28.1 63.0 39.1 78.2 —11.0 130
3 348 209 83.9 39.1 117 —18.2 112
4 276 16.6 100 39.1 156 —22.6 89.5
5 222 13.3 114 39.1 196 —25.8 63.7
6 210 12.6 126 39.1 235 —26.5 37.2
7 252 15.1 141 39.1 274 —24.0 13.2
8 432 259 167 39.1 313 —13.2 0.00°
9 750 45.0 212 39.1 352 5.88¢ 5.88
10 870 52.2 265 39.1 391 13.1 19.0
11 900 54.0 319 39.1 430 14.9 33.8
Noon 912 54.7 373 39.1 469 15.6 494
1:00 p.m. 900 54.0 427 39.1 509 14.9 64.3
2 858 51.5 479 39.1 548 12.4 76.7
3 817 49.0 528 39.1 587 9.90 86.5
4 744 44.6 572 39.1 626 5159 92.1
5 690 41.4 614 39.1 665 2.28 94.3
6 690 41.4 655 39.1 704 2.28 96.6
7 696 41.8 697 39.1 743 2.64 99.2
8 774 46.4 743 39.1 782 7.32 107
9 864 51.8 795 39.1 822 12.7 119
10 846 50.8 846 39.1 861 11.6 131
11 804 48.2 894 39.1 900 9.12 140
Midnight 745 44.7 939 39.1 939 5.58 1464
* Basin starts emptying cycle.
® Basin is empty.
© Basin starts filling.
4 Basin is full. Required theoretical capacity of the basin is reached.
1000
B
800
-
-
ME 600 / -
=} Y -
3 Cumulative _ \
:- outflow and _ x Tangent at A
g 400 tangent at B > Cumulative.
) Y - .
< / - inflow
P .
Basin volume .
2
/ = 146 x 103 m? Basin volume Basin full
200 Y remaining ™\
s ’/ A Basin empty A*A’qﬂ—q
0 T, ! !
Midnight 2 4 6 8 10 Noon 2 4 6 8 10 Midnight

Time

FIGURE 3.38 Flow diagram for determination of the capacity of equalization basin and volume remaining
(Example 3.54).
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EXAMPLE 3.55: EQUALIZATION OF MASS LOADING

An equalization basin has a volume of 1 million liters (ML). The influent flow and BODs data for several
time periods are given below. Calculate the BODs concentration in the basin effluent. It is given that the
BODs concentration in the effluent at 8:00 a.m. is 160 mg/L.

Time Influent Flow (MLD?) Influent BODs (mg/L)
8:00 a.m. 0.2 150
9:00 a.m. 0.3 250
10:00 a.m. 0.4 180
11:00 a.m. 0.5 350
12:00 a.m. (Noon) 0.3 200

# MLD: million liters per day.

Solution
1. Calculate g, and C, at ¢; = 8:00 a.m., and #, = 9:00 a.m.

_ (02+03)MLD
a 2
(150 + 250) mg/L
2
2. Calculate the effluent BODs concentration (Cy) at 9:00 a.m.
Use Equation 3.44 to calculate effluent concentration. It is given that the effluent BOD5 concentra-
tion at 8:00 a.m. is 160 mg/L.

\%4 C,—Cg
th—t)=—1
(2 1) % n(Ca—C9>

1ML (200 — 160) mg/L
X n
0.0104 ML/h (200 — Co) mg/L

40
In(———) = 0.0104
(zoo — cg)

40
— 60‘0104 — 1.01
200 — Co

d
= 0.25MLD or g, = 0.25 MLD x Ah = 0.0104 ML/h

a

G = = 200mg/L

(9—-8h=

Solving Cy = 160 mg/L

3. Calculate the effluent BOD5 concentration Cyq at 10:00 a.m.
(034 0.4)MLD

a

d
= 0.35MLD or g, = 0.35MLD x —— = 0.0146 ML/h

2 24h
C, = (250 + 1;30) mg/L — 215mg/L
(10— 9)h IML . ((215 — 160) mg/L

0.0146 ML/h (215 — Cjp) mg/L

55
In{ ————— ) = 0.0146
215 — Cyp

55
— 00146 _ 1 01
215 — Cyp

Solving C;p = 161 mg/L
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4. Calculate the effluent BOD;5 concentration C;; at 11:00 a.m.
_ (0.4+0.5 MLD

a

d
= 0.45MLD or g, = 0.45MLD x —— = 0.0188 ML/h

2 24h
180 + 350) mg/L
C, = % = 265mg/L
1ML (265 — 161) mg/L
11—10)h =
( 0h = 88 ML/ n<(265 —Ci)mg/L

104
In[ —————) =0.0188
(265 - Cn>

104

0.0188
—_— = =1.02
265—Cy ¢
Solving C;; = 163 mg/L

5. Calculate the effluent BOD5 concentration C;, at noon.

(0.5 + 0.3) MLD d
=" =04MLDorg, = 0.4MLD x -~ = 0.0167 ML/h

qa >

G = w = 275mg/L

(B T i g (T = gl
0.0167 ML/h (275 — Ciy) mg/L

112
In{ ———— ) = 0.0167
275 — Cy

112
— 80'0167 =1.02
275 — Cy,

Solving C;, = 165 mg/L

6. Summarize the results.
Influent flows and BODs concentrations, and the effluent BOD5 concentrations are summarized
in Table 3.12. It may be noted that the effluent concentrations at different times are based on the given
or assumed value of effluent BODs of 160 mg/L at 8:00 a.m. If the calculations are continued over 24-h
period, the concentration of BODs at 8:00 a.m. after 24-h cycle should match 160 mg/L. If it does not
match, that means the given or assumed value of 160 mg/L of BODs at 8:00 a.m. is not reliable enough.
The procedure should be carried out over 24 h for several iterations until a stable value is reached.

TABLE 3.12 Effluent BODs from Equalization Basin (Example 3.55)

. Influent Flow, Influent Effluent BODs,
Time MLD BODs, mg/L 4o MLD Coo mg/L mg/L
8:00 a.m. 0.2 150 - - 160 (given)
9:00 a.m. 0.3 250 0.25 200 160
10:00 a.m. 0.4 180 0.35 215 161
11:00 a.m. 0.5 350 0.45 265 163

Noon 0.3 200 0.40 275 165
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EXAMPLE 3.56: EQUALIZATION OF MASS LOADING OVER 24-h CYCLE

An equalization basin receives flow from an industrial plant. The hourly flow and COD concentration
data of the influent to the equalization basin are given below. Determine: (a) average flow rate over
24-h period, (b) the theoretical volume of the equalization basin in ML that will provide constant flow
to the treatment plant, and (c) hourly concentration of COD in the effluent from the equalization basin
that has a volume equal to the theoretical volume, 0.35 and 0.7 ML. Draw the influent and effluent flow
profiles, and influent and effluent COD concentration profiles at all three volumes of the
equalization basin.

Time 7:00 am. 8 9 10 11  Noon 1:00 pm. 2 3 4 5 6

Influent flow,  0.40 050 0.80 120 1.30 1.40 1.30 0.80 0.70 0.60 0.50 0.50
MLD

Influent COD, 100 115 125 150 200 280 300 300 150 125 100 100
mg/L
Time 7:00 pm. 8 9 10 11  Midnight 1:00 am. 2 3 4 5 6

Influent flow,  0.60 0.80 1.00 0.90 0.60 0.40 0.30 025 020 020 0.25 0.30
MLD

Influent COD, 150 175 225 225 175 150 100 90 80 70 80 90
mg/L

Solution

1. Determine the theoretical volume of the equalization basin by change in volume method.
a. Prepare the calculation table to determine constant flow and the theoretical volume of the basin
(Table 3.13).
b. Determine the constant withdrawal flow from the basin.
There are 24 hourly observations (7:00 a.m. to 6:00 a.m.). The average withdrawal flow based
on 24 observations is 0.658 MLD.

15.8 MLD
Mean constant withdrawal flow based on 24 observations = — 0.658 MLD
d 10°L o
Average flow per hour = 0.658 MLD x —— X =274 x 10°L/h
24h ML

2. Determine the theoretical volume of the equalization basin.
The theoretical volume of the equalization basin is obtained from the maximum value of the
changes in volume (Column [7], Table 3.13). The procedure to calculate the required theoretical vol-
ume of a flow equalization basin is shown in Examples 3.53 and 3.54.

Theoretical volume = 133 x 10> L or 0.133 x 10°L (0.133 ML)

3. Plot the influent and effluent flow profiles from the equalization basins.
The influent flow and constant effluent flow profiles from an equalization basin with the theoretical
volume of 0.133 ML are shown in Figure 3.39. If there is no flow accumulation in the basin, the influent
and effluent flow profiles are independent of the equalization basin volume. Therefore, the influent and
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FIGURE 3.39 Influent and effluent flow profiles at theoretical volume of 0.133 ML (Example 3.56).
Note: The profiles for basin volumes of 0.35 and 0.7 ML will be the same as that for the theoretical volume of 0.133 ML.

effluent flow profiles at basin volumes of 0.35 and 0.7 ML will also be the same as those of 0.133 ML
(Figure 3.39).
4. Determine the effluent concentration of COD from the equalization basin.

An iterative procedure is used to determine the COD concentration in the effluent.

a. Calculate average flow rate g, between the consecutive time intervals.

b. Calculate average concentration C, in the effluent between the consecutive time intervals.

c. Assume that the effluent COD concentration C; at the start of time (7:00 a.m.) for a given basin
volume V. For example, C; = 146 mg/L for V= 0.133 ML.

d. Calculate effluent COD concentration C, at the next time period for the given basin volume. In
this case, the next time period is 8:00 a.m. Use the procedure shown in Example 3.55 to calculate
C,.

e. Calculate effluent COD concentration for different time periods Cs, Cy, ... C,4. After a 24-h
cycle, the calculated effluent concentration at 7:00 a.m. in the last row should match the
assumed value in the first row. If not, repeat the procedure until the values fall within an accept-
able limit. The entire procedure for effluent COD concentration from 0.133 ML basin is sum-
marized in Table 3.13.

f.  Apply the similar procedure to determine the effluent COD concentrations from the basin with
a volume of 0.35 and 0.7 ML, respectively. The results are summarized in Table 3.13.

5. Draw the influent and effluent COD concentration profiles.
The influent and effluent COD concentration profiles from the equalization basin with a total vol-
ume of 0.133, 0.35, and 0.7 ML are respectively shown in Figure 3.40a through c. It may be noted that
the effluent concentration is more uniform from the basin with a larger volume.
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FIGURE 3.40 Influent and effluent COD concentration profiles: (a) basin volume of 0.133 ML, (b) basin vol-
ume of 0.35 MG, and (c) basin volume of 0.7 MG (Example 3.56).
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Discussion Topics and Review Problems

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

Wastewater flows from manhole 1-2. Manhole 1 is connected to three sewer lines that bring average
flow of 4.5 L/s, 80 gal/min, and 38 L/min. Manhole 2 receives additional flow of 35 L/s. Determine
the flow in the outgoing sewer.

An industrial sewer survey was conducted to establish the concentrations of heavy metals in the
intercepting sewer. Average flow and concentrations of heavy metals in different streams are given
below. Determine the concentrations of various heavy metals in the flow from the intercepting
sewer. Manhole (1) Q=3L/s, Cu=4mg/L, Zn=10mg/L; Q=15L/s, Cd=15mg/L; Q=38
L/s, Cd =8 mg/L, Ni =8 mg/L, Manhole (2) Q=10L/s, Cu=8mg/L; Q=5L/s, Ni=28 mg/L,
Manhole (3) Q=8L/s, Cd =8 mg/L, Ni=8mg/L; Q=10L/s, Cu=8 mg/L, Co=2mg/L; Q=
5L/s, Zn = 6 mg/L. Manhole (4) receives flows from three manholes.

A domestic water softener produces water with hardness of 5 mg/L as CaCOj3. The raw water has
hardness of 225 mg/L. The average finished water demand is 1600 gpd with hardness of 80 mg/L as
CaCO;. Determine the flow through water softener.

In an ideal process, a chemical reaction with two liquids F; and F, produces one liquid product P
and one gaseous product G. The gas is produced at a mass ratio of 1 unit of gas for average 1000 units
of liquid product. The recycle stream R = 0.5 P. Determine the weight and volume of liquid and
gaseous products generated, and recycle stream. Use the following data: the flow rates of streams
F; and F, are 1000 L/min and 6000 L/min; the densities of streams F; and F, are 1.5 and 1.2 kg/L;
and the densities of the products P and G are 1.3 kg/L and 1.0 kg/m”.

A primary sedimentation basin receives an average wastewater flow of 1500 m’/d. The suspended
solids in the raw wastewater is 240 mg/L. The solids removal efficiency of the basin is 60 %. The
sludge has 4% solids and specific gravity is 1.03. Determine (a) TSS in the primary settled wastewa-
ter, and (b) average quantity of sludge withdrawn from the basin in kg/d and m’/d.

A CFSTR is receiving an average flow of 240 m’/d. The volume of the reactor is 48 m>. A slug of 25-
L stock solution containing 6.0 g/L dye tracer is released at the influent channel of the reactor. Cal-
culate the dye concentration in the effluent at time intervals of 0.5, 1.0, 2.0, 4.0, 5.0, 20.0, and 0.0 h
from the time of release of the slug. Draw the tracer profiles as a function of (a) tracer concentration
versus time, and (b) dimensionless functions C/C, versus t/6.

The volume of a CFSTR is 45 m” and average constant flow in the reactor is 300 m>/d. The reactor
flow regime was established by feeding continuously 6 g/L stock tracer solution in the influent line
atarate of 125 L per day. Determine the theoretical tracer concentration in the effluent at 3 and 10 h
after the tracer injection. Plot the tracer profile as a function of (a) concentration versus t, and (b)
C/C, versus t/6.

A CFSTR receives 150 g/m’ reactive material that undergoes first-order conversion reaction with
k=0.20h™". The volume of the reactor is 400 m?, and the influent flow rate is 150 m*/d. Determine
the exit concentration of the material and percent stabilization if the process is operating under
steady state condition. What is the value of ¢ in days to achieve 95% conversion?

A CFSTR receives industrial material for product conversion. The operational data of the reactor
are: V=450 m>, Q=35m>/d, C,= 100 g/m’, and k= 0.25d"". The reactor is operating under
nonsteady-state conditions. Calculate (a) the concentration of the material at 0.5d, 1d, 2d, 4d,
6d,8d, 10d, 15d, and 20 d, and (b) plot the graph of concentration remaining versus time.

A constant flow is maintained through a CFSTR. At = 0 a reactive substance is added into the
influent stream at a constant rate. The conversion reaction is of the first order. Calculate the output
concentration as g/m” for the following time intervals: 0.5 h, 1.0 h, 1.5h, 3h, 6 h, 8 h, and 10 h. The
reactor data are given below: V=30 m?> Q=250 m’/d, C, =100 g/m> and k=0.3h"".

A reactive substance with influent concentration of 75 g/m” is treated in a plug flow reactor. The
first-order reaction constant is 0.15/h. Calculate the effluent concentration. The volume of the reac-
tor is 50 m> and average constant flow through the reactor is 150 m>/d.
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3.12

3.13
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Ammonia nitrogen is oxidized to nitrite, and then to nitrate nitrogen in a nitrification facility which
consists of two identical CESTRs in series. The hydraulic retention time of each reactor is 60 h.
Oxygen is transferred by means of aerators at a rate which depends on the oxygen deficit. The
DO transfer rate is expressed by the equation r,,, =k, (Cpo, — Cpo,). The temperature is 25°C.

where

Taer = OXygen transfer rate mg/L-d
k, = reaction rate constant =70d ™"
Cpo, = DO saturation concentration = 8.24 mg/L at 25°C

The influent NH3-N concentration is 40 mg/L. The NH;5-N conversion rate is given by Equa-
tion 3.45.

—k(Cxi,-N)
CNHyN = ——— 3.45
NN TR+ (Cxu,-N) (3.45)
where
k =0.12g/m>h
K,=0.74g/m’

The DO concentration in the influent is zero. Calculate the dissolved oxygen and ammonia nitro-
gen concentrations in (a) reactor 1 and (b) reactor 2. Assume steady-state conditions. Assume that
there is no carbonaceous oxygen demand and oxygen consumption is due to only nitrification.
One CFSTR is arranged in between two PFRs in series (Figure 3.41). The arrangement is shown
below. The influent BOD; is 200 g/m”’. The wastewater flow is 200 m?/d. Calculate the final effluent
BOD:s. The first-order reaction rate constant is 0.08 h™'. Assume that the system is at steady state.

BOD; = 200 g/m?
——— > PFRI  [— PFRI  —>

Q=200m3/d

V=100 m3 V=150 m3 V=100 m?

FIGURE 3.41 Definition sketch of one CFSTR between two PFRs (Problem 3.13).

3.14

3.15

3.16

3.17

Four identical CFSTRs are operating in series. The influent concentration of the reactive substance
is 250 mg/L. The first-order reaction rate constant for each reactor is 0.74 h™'. Volumes of reac-
tors 1, 2, 3, and 4 are 20 m’, 25 m>, 30 m’, and 35 m” respectively. The flow through the assembly
is 50 m’/h. Calculate the effluent concentration from all four reactors by using analytical and
graphical method.

Calculate the first-order reaction rate constant in days for the given data. The number of CFSTRs in
series are 5. The influent BOD5 is 160 g/m’ and final effluent BODs is 10 g/m’. The hydraulic res-
idence time of each reactor is 1 h. Determine the detention time of a PFR that will produce same
effluent quality as that from the series of reactors.

Derive the expression for PFR treating a reactive substance under steady state. The second-order

reaction kinetics apply. The reaction rates are: (a) second-order reaction rate r = -kCj and (b)
r=—kC}”.

A sedimentation basin receives an average flow of 4.8 m>/min. The volume of the basin is 205 m’. A
5-L slug of dye tracer solution containing 50,000 mg/L of dye was introduced at the influent zone of
the basin. The effluent samples were collected at different time intervals and dye concentrations
were measured. The sampling time and dye concentrations are given below.
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Time ¢ (min) 0 2 5 10 15 20 25 30 35 40 45 50 90
Dye Concentration C, 0.075 0.075 0.225 1.225 210 240 248 210 148 120 116 1.00 0.00
mg/L
a. Calculate Cy and nominal detention time 0
b. Draw the dye tracer profile C versus ¢
c.  Draw the dye tracer profile C/C, versus t/6
d. Determine standard detention time, standard detention efficiency, and fraction dead volume

3.18

3.19

3.20

A slug of dye tracer is applied at the influent channel of a CESTR. The volume of the reactor is 28 m’
and the flow is 0.08 m’/s. The initial concentration C, after mixing the dye in the reactor content is
2.50 mg/L. The tracer concentration in the effluent sample collected at 4 min is 1.05 mg/L. Calcu-
late (a) the average detention time and (b) percent dead volume.

A long and narrow channel is used as chlorine contact basin. The channel is 2-m wide and 30-m
long, and 1.5-m liquid depth. The peak flow through the basin is 6480 m’/d. The dispersion number
d and reaction rate constants are 0.08 and 3.0 h~'. Determine (a) contact time 6, (b) dispersion coef-
ficient D, and (c) C/C,.

A stabilization pond has dispersion number d of 0.25. The average flow and first-order reaction rate
constants are 800 m’/d and 0.3 d', respectively. Calculate the volume of the pond to achieve 90%
soluble BOD;5 removal.

3.21 A reactor is used for oxidation of a chemical compound. The reaction rate constant k is 0.8 h™" and
HRT is 4 h. The oxidation efficiency is 96%. Determine the flow regime in the reactor.
3.22 An equalization basin is designed for a small treatment plant. The hourly average flow and COD
concentration data over a 24-h period are summarized below.
Time of Day 1am. 2 3 4 5 6 7 8 9 10 11 Noon
Flow(m3/h) 10 10 11 12 14 16 20 30 35 40 45 50
COD(mg/L) 120 120 130 135 130 135 140 145 200 250 300 300
Time of Day 1 p.m. 2 3 4 5 6 7 8 9 10 11 Midnight
Flow(m3/h) 80 80 100 80 60 40 35 30 20 16 12 10
COD(mg/L) 300 350 400 400 300 250 250 200 150 150 120 120
Determine (a) the theoretical volume of the equalization basin that will provide a constant out-
flow, (b) the times when the basin will be empty and full, and (c) draw the influent and effluent COD
concentrations from an equalization basin that is in 1200 m® volume.
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Sources and Flow Rates of
Municipal Wastewater

4.1 Chapter Objectives

Municipal wastewater is the general term applied to the liquid wastes collected from residential, commer-
cial, and industrial areas of a city. In addition to these waste streams, some undesired groundwater and
surface runoff may also enter the collection system. All these flows are conveyed by means of a sewerage
system to a central location for treatment. There is a wide variation in seasonal, daily, and hourly flow rates
of the municipal wastewater, and several flow terms are used to identify these flow variations and charac-
terize the municipal wastewaters.

The purpose of this chapter is to present the flow characteristics of municipal wastewater. The material
is arranged under the following sections:

o Relationship between municipal water demand and wastewater flow

o Sources and components of water usage and wastewater generation

o Wastewater flow variations, infiltration and inflow, and definition of common terms
e Diurnal flows, sustained flows, and peaking factors

o Flow projections and forecasting design flow rates

4.2 Relationship between Municipal Water Demand and
Wastewater Flow

Under dry weather conditions, municipal wastewater is derived largely from municipal water supply. A
close relationship exists between water usage and wastewater flow in a community. Following is the inter-
dependence between water usage and wastewater flow' ~:

1. Under dry weather conditions, the daily water demand and wastewater flow show a diurnal
flow pattern.

2. The diurnal wastewater flow curve closely parallels that of water demand with a lag of several hours.
This relationship is shown in Figure 4.1.

3. The fluctuations in wastewater flow are less than those of water supply.

4. A considerable portion of the water supply may not reach the sewers. This includes (a) lawn
sprinkling, (b) street washing and fire fighting, (c) leakage from the water mains and service
pipes, (d) water consumed in products and manufacturing processes, and (e) homes and
establishments that may use city water but utilize on-site wastewater treatment and disposal
systems.

5. Establishments using private water supply may increase average wastewater flow.

4-1
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FIGURE 4.1 Typical diurnal municipal water demand and wastewater flow.

Source: Adapted in part from References 1 and 2.

6. Infiltration/inflow (I/I) may enter the sewers during wet weather conditions and may increase the
flow substantially over a short period.

7. Exfiltration may occur during dry weather causing a reduction in average wastewater flow.

8. Annual average wastewater flow may vary from 60% to 130% of the annual average water demand.
Designers frequently assume that annual average wastewater flow equals 80-100% of annual aver-
age water usage in a community.

EXAMPLE 4.1: RELATIONSHIP BETWEEN DIURNAL WATER DEMAND AND
WASTEWATER FLOW

The diurnal wastewater flow pattern measured at a wastewater treatment plant is similar to that of
water demand, but exhibits less fluctuation, and shows a lag of few hours. Why does this happen?
Explain.

Solution
The diurnal wastewater flow has a lag of few hours due to:

a. The water lines are under pressure. Any usage in the distribution system transmits a pressure wave
to the supply point. The pressure wave travels at the speed of sound. As a result, the water demand
is almost instantly recorded.

b. The sewer lines flow under gravity.

c. The flow from different parts of the city take different time to reach a central location (treatment
plant or lift station).

d. As the flow increases, the depth of flow in the lines also increases. As a result, the increase in veloc-
ity in sewer is relatively small. This results in a built-in storage capacity within the sewer lines, and
has a damping effect upon the peaking factor.

e. As the length of collection system increases, these effects further reduce the peaking factor.
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EXAMPLE 4.2: DETERMINATION OF AVERAGE FLOW FROM DIURNAL
FLOW DATA

The diurnal flow pattern of municipal water demand and wastewater flow for a typical dry day is given
in Figure 4.1. Calculate the following: (a) average-day water demand, (b) average-day wastewater flow,
(c) ratio of average wastewater flow and water use, (d) ratio of peak and average wastewater flow, and
(e) ratio of peak and average water demand.

Solution

1. The trapezoidal rule is generally used to calculate the areas under the demand curves. The trapezoidal
rule is given by Equation 4.1.

1
A= XAT[q +2@+ g3 +qa+ +da1) + Ga] L
where
A — area under the curve, m*
AT = constant time increment, h
q1> 92> --- » Gn = flows at various time intervals, m* /h

2. Calculate the daily average water demand from the area under water demand curve.

Ay :%x 2h x [21 m®/h+2 x (124 8+ 18 4+ 85 + 65 + 36 + 39 + 48 + 69 + 74 + 50) m> /h + 21 m® /h]
= 1050 m® totalin 24 hor43.8 m® /hin daily average

3. Calculate the daily average wastewater flow from the area under wastewater flow curve.

A, :%x 2h x [28 m®/h+2 x (21 + 18+ 20+ 27 4 41 4 58 + 64 + 53 + 46 + 55+ 43) m’ /h 4- 28 m* /h]
=948 m’ totalin24 hor39.5 m? /hin daily average

4. Calculate the daily average flows and various ratios.

a. Daily average water demand =43.8m’/h
b. Daily average wastewater flow =39.5m’/h
, 39.5m3/h
c. Ratio of average wastewater flow to water demand =-——"—=0.90
43.8m3/h
85m?/h
d. Ratio of peak to average water demand = 85 m/h =1.94
43.8 m3/h
: 64m°>/h
e. Ratio of peak to average wastewater flow =7 —=-—=162
39.5m’/h

4.3 Components of Municipal Water Demand

Municipal water demand in the United States varies from 300 to1800 liters per capita per day (Lpcd).">™”

Various components of municipal water uses are: (1) residential or domestic, (2) commercial, (3) indus-
trial, (4) institutional and public, and (5) water lost or unaccounted for.!

The relative proportions of these uses with respect to overall municipal water demand are summarized
in Table 4.1. General discussion is presented below.
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TABLE 4.1 Components of Municipal Water Demand and Percent Distribution

Components of Municipal Water Demand Percent of Total
Residential or domestic 35-50
Commercial 10-25
Industrial 15-30
Institutional and public 5-20
Water lost or unaccounted for 5-10

Source: Adapted in part from References 1, 2, 4, and 6.

4.3.1 Residential or Domestic Water Use

The residential or domestic water uses include toilet flush, bathing and washing, cooking and drinking,
lawn watering, and others. Typical breakdown of residential water uses and flow rates are summarized
in Table 4.2. The average residential water demand varies from 300 to 450 Lpcd. With flow reduction
devices, the residential water demand for many types of residential establishments is decreasing.

4.3.2 Commercial Water Use

Commercial establishments include motels, hotels, office buildings, shopping centers, service stations,
movie houses, airports, and the like. The water uses in commercial establishments vary greatly depending
upon the size of operation. The commercial water demand may be estimated from unit loading or floor
area. Typical unit loadings of residential and commercial establishments are provided in Table 4.3.

4.3.3 Institutional and Public Water Use

Water uses in public buildings and institutional establishments (city halls, prisons, hospitals, schools, etc.)
as well as water used for public services (fire protection, street washing, park irrigation, and the like) are
considered public water uses. Some residential, commercial, and institutional water uses are provided
in Table 4.3.

TABLE 4.2 Typical Breakdown and Flow Rates of Residential Water Uses

Non Conserving

Flow Rat
Home Usage, % ow Rate

Types of Water Use

Toilet flush, including toilet leakage 33 Tank type 19-27 L/use
Valve type 90-110 L/min
Shower and bathing

Shower 20 Shower head 90-110 L/use or 19-40 L/min
Bathing 8 Tub bath 60-90 L/use
Wash basin 11 4-8L/use
Kitchen 9
Drinking, cooking 2-6 Kitchen sink
Dishwashing 3-5 15-30 L/dishwasher load
Garbage disposal 0-6 6000-7500 L/week, 4-8 L/person-d
Laundry and washing machine 16 110-200 L/load
Lawn 3 Sprinkler system

Source: Adapted in part from References 1, 2, 4, and 8.
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TABLE 4.3 Average Water Demand in Residential, Institutional, Commercial, and Industrial Establishments

Source Unit Unit Flow, m®/unit-d
Residential
Single-family detached, low income to Person 0.25-0.38
high income
Apartment Person 0.18-0.23
Trailer park Person 0.15
Commercial
Country club
Resident Member 0.38
Nonresident Member 0.10
Hotel/Motel Unit guest 0.38
Resort Unit guest 0.19
Restaurant Customer 0.03
Bar Customer 0.08
Store Toilet room 1.52
Employee 0.04
Department store and shopping center Employee 0.04
Per m” floor area 0.001-0.002
Office building and complex Employee 0.065
Per m? floor area 0.015
Movie Seat 0.008
Laundromat Machine 2.5
Barber shop Chair 0.065
Beauty salons Station 1.026
Service station First bay 3.8
Additional bays 1.9
Industrial
Industrial building Employee 0.055
Factories
With shower Employee-shift 0.133
Without shower Employee-shift 0.095
Light industrial zone ha 9-14
Medium industrial zone ha 14-30
Heavy industrial zone ha 30-100
Industrial products
Cattle Head 0.04-0.05
Dairy Head 0.07-0.08
Chicken Head 0.03-0.04
Canning Metric ton/d 30-60
Dairy, milk Metric ton/d 2-3
Meat packing Metric ton/d 15-25
Pulp and paper Metric ton/d 200-800
Steel Metric ton/d 260-300

(Continued)
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TABLE 4.3 (Continued) Average Water Demand in Residential, Institutional, Commercial, and Industrial
Establishments

Source Unit Unit Flow, m> /unit-d
Tannery Metric ton of raw hides 60-70
processed/d

Institutional and Public Uses

Nursing homes Bed 0.38
Hospital Bed 0.95
Prison Inmate 0.45
School
Boarding Student 0.3
Day Student 0.076

Note: m® x 264.5 = gallon
Source: Adapted in part from References, 1, 2, 4, 6, and 8 through 10.

4.3.4 Industrial Water Use

Industrial water demands in the United States are very large. Generally, large industries develop their
own water supply systems. Only small industries purchase water and therefore impose demand on local
municipal system. The industrial water demand may be estimated on the basis of proposed industrial
zoning and unit loadings for specific industries. Unit loadings for many industries are summarized in
Table 4.3.

4.3.5 Water Unaccounted for or Lost

Major sources of water unaccounted for are leaks from mains, faulty meters, and unauthorized connec-
tions. This loss mostly depends upon the condition of water distribution system. In many developing
nations where individual water connections are unmetered, as much as 30-50% water supplied may
be lost or unaccounted for due to old and leaky distribution system and wasted from unmetered connec-
tions. To reduce these losses, water is supplied only for a few hours in the mornings and in the evenings.
This practice does save water but may cause serious contamination of water supply from the entry
of polluted surface and groundwater into the distribution system during the periods when the supply
is interrupted.

4.3.6 Factors Affecting Water Use
The water usage in a community depends upon many factors. Many of these factors are:

1. Geographical location and climate: More water is used in hot and dry climate or region than that in
wet, humid, and cold climate or region.

2. Size, population density, and economic conditions of the community: Wealthier and sparsely
populated communities have higher water demand.

3. Industrialization: Industries use large amounts of water especially seasonal industries such as
vegetable canneries and others.

4. Metered water supply and cost: Less water is used where water supply is individually metered. Also,
water usage is closely related to cost of water.

5. Water pressure: Higher supply pressure may cause unnecessary waste due to spurts from faucets,
leaks, and drips.
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6. Water conservation: Efforts of general public and regulatory agencies in water conservation have
resulted in 20-30% savings. These savings are achieved by pressure reducing valves, faucet
aerators, flow limiting shower heads, shallow trap water closet, level-controlled washing machines,
and education of consumers." 7~

EXAMPLE 4.3: MUNICIPAL WATER DEMAND AND COMPONENTS

A city has a population of 30,000 residents. The residential water demand is 210 Lpcd. The commercial,
industrial, institutional and public water uses, and water lost or unaccounted for are 18%, 23%, 10%, and
8%, respectively, of total municipal water demand. Calculate total municipal water demand in m®/d and
MGD, and the demand for each component.

Solution

1. Calculate the residential water demand.

210 L m?

—— — _x——— = 6300 m®/dor1.66 MGD
person-d 1000 L

Residential water demand = 30,000 residents x

2. Calculate the total municipal water demand.
Total demand for commercial, industrial, institutional and public, and water lost or unaccounted for

= (18423 + 10+ 8)%
= 59% of total municipal water demand
Residential water demand = (100—59)% = 41% of municipal water demand

_ 6300 m? /d residential
" 0.41 residential /total municipal

Total municipal water demand = 15,366 m>/d

3. Calculate the water demand for each component.
Water demand for each component is tabulated below:

Water Demand
Water Use Percent of Total

m’/d MGD
Residential 41 6300 1.66
Commercial 18 2766 0.73
Industrial 23 3534 0.93
Institutional and public use 10 1537 0.40
Water lost or unaccounted for 8 1229 0.32
Total 100 15,366 4.04

EXAMPLE 4.4: WATER DEMAND AND WASTEWATER FLOW

A subdivision of a suburban city is being developed. The ultimate zoning plan shows the following res-
idential, commercial, industrial, and institutional establishments. Assume that the water lost is small and
is ignorable. Using the average values given in Table 4.3, estimate the following:

a. Annual average water demand for the entire subdivision in m?/d
b. Residential, commercial, industrial, and institutional water demands and their percentages with
respect to total municipal water demand
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c. Annual average wastewater flow if 85% average water supply is returned into the municipal

sewers.
Water-Using Establishment Source of Water Demand
Residential
Single-family detached residential population 1000 residents
Apartments 1650 residents
Trailer park 400 residents
Commercial
One hotel/motel 250 units
Five restaurants, total seating 300 customers
Shopping centers 250 employees
Office buildings 500 employees
Office complexes 600 m*
One movie theater 200 seats
One commercial laundry 40 machines
Barbershops 10 chairs
Beauty salons 20 stations
One service station 6 bays
Industrial
Factories with shower 100 employee-shifts
Light industrial zone 2ha
One feedlot 1000 heads
One canning plant 4 metric tons
One meat packaging plant 3 metric tons
Institutional
One nursing home 50 beds
One hospital 200 beds
Two daytime schools 1200 students
Solution

1. Estimate the residential population of the subdivision.

Single-family detached housing residents
Apartment residents

Trailer park residents

Total

2. Estimate the residential water demand.
Single-family detached housing
Apartments
Trailer park

Total residential demand

= 1000

= 1650

=400

= 3050 residents

= 1000 residents x 0.315 m> /person-d = 315m>/d
= 1650 residents x 0.205 m> /person-d =338 m>/d
= 400 residents x 0.15 m?/person-d =60m?/d

=713m’/d
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3. Estimate the commercial water demand.

Hotel /motel = 250 units x 0.38 m> /unit-d =95m>/d
Restaurant = 300 customers x 0.03 m>/customer-d =9 m?/d
Shopping centers = 250 employees x 0.04 m> /employee-d =10m’/d
Office building = 500 employees x 0.065 m> /employee-d = 32.5m’/d
Office complexes =600 m? x 0.015 m®/employee-d =9m’/d
Movie theater = 200 seats x 0.008 m>/seat-d =1.6m’/d
Laundromat = 40 machines x 2.5 m> /machine-d =100m>/d
Barber shops = 10 chairs x 0.065 m>/chair-d =0.65m’/d
Beauty salons = 20 stations x 1.026 m> /station-d =20.5m’/d
Service station
Fist bay = 1bay x 3.8 m®/bay-d =3.8m’/d
Additional bays = 5bays x 1.9 m?/bay-d =9.5m3/d
Total commercial demand =292m’/d
4. Estimate the industrial water demand.
Factories with shower = 100 employee-shifts x 0.133 m> /employee-shift
=13m’/d
Light industrial zone =2 ha x 11.5 m?/ha-d =23m’/d
Feedlot = 1000 heads x 0.045 m> /head-d =45m’/d
Canning plant = 4metric tons/d x 45 m?/metricton =180 m’/d
Meat packaging plant = 3 metric tons/d x 20 m>/metricton = 60m3/d
Total industrial water demand =321m’/d
5. Estimate the institutional water demand.
Nursing home = 50 beds x 0.38 m>/bed-d =19m?/d
Hospital = 100 beds x 0.95 m? /bed-d =95m’/d
School = 1200 students x 0.076 m>/student-d = 91.2m>/d
Total institutional water demand =205m’/d
6. Estimate the annual municipal water demand and their percentages.
Components Demand Percentage
Residential =713m’/d 47
Commercial =292m’/d 19
Industrial =321m’/d 21
Institutional =205m’/d 13
Total = 1531 m?/d 100

Average municipal water demand = 1531 m®/d x
Note: 1 gallon=3.8L

7. Estimate the annual average wastewater flow.

1000 L

1

m3

X
3050 residents

= 502 Lpcd (133 gped)

Annual wastewater flow = 0.85 x 1531 m’/d = 1301 m®/d or 427 Lpcd (112 gpcd)
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EXAMPLE 4.5: WATER SAVING FROM SUPPLY PRESSURE REDUCTION

In a community of 50,000 residents, the average water demand is 630 Lpcd and supply pressure is
414kN/m’. Average water lost through cracks at this pressure is 15%. How much saving would be
achieved if the supply pressure is reduced to 276 kN/m>? Assume cracks behave like orifices.

Solution
1. Estimate the average water demand, and average water lost through the cracks at the pressure of

414kN/m”.
630 L m’?

—— x———=131,500m>/d
person-d 1000 L m’/

Average water demand = 50,000 people X

Water lost through cracks = 0.15 x 31,500 m?/d = 4725 m>/d

2. Select the orifice equation.
Velocity and discharge through an orifice are expressed by Equations 4.2 and 4.3.

V =./2gh (4.2)
q= CdAV = CdA\/Zgh (4.3)
where

V' = velocity through an orifice, m/s

q = discharge through an orifice, m®/s

Ca = coeflicient of discharge. Typical value for orifice is 0.61.
A = area of orifice, m>

g =acceleration due to gravity, m/s>

h = water head over the orifice, m

3. Calculate the water heads at pressures of 414 and 276 kN/m>.
There is a direct conversion between the pressure head in kN/m? and water head in m based on
specific weight of water. At 4°C (39°F), the specific weight for water is 9.81 kN/m> (62.41b/ft>) and
the static head of water in meter is expressed below:

. Pressure in kN /m?
Head in meter = ———————

9.81 kN/m3
414 kN/m?
Water head at 414 KN/m? hyyy = ——————— = 42.2
ater head at pressure o /m”, hayy 9.81 KN/m? m
276 kN/m?
Water head at f 276 KN/m?, hyyg = —————— = 28.1
ater nead a pressure [0) m 276 981 kN/m3 m

4. Calculate the loss of water through the cracks at pressures 414 and 276 kN/m?.
qa1s = CaAv/ 2gh414
q276 = CaAy/2ghy76
qua  CaAy/2ghg1y hy14 42.2 m
ey =1.23
G276 C4A./2gha76 hazs 28.1 m

Water lost through the cracks at 414 kN/m?, g4 = 4725 m’/d

4725 m®/d
Water lost through the cracks at 276 kKN/m?, g7 = 1q4—21; = TH;/ = 3841 m*/d
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5. Calculate the saving.

Saving achieved by reduction of supply pressure from 414 to 276 kN/m>
= (4725 — 3841) m>/d = 884 m>/d or 17.7 Lpcd

Note: The average water loss through the cracks is reduced by about 19% when the supply pressure
is lowered. It counts about 2.8% of the average daily water demand.

EXAMPLE 4.6: WATER SAVING FROM PRESSURE REDUCING VALVE (PRYV)

A home has installed a PRV at the point of entry into the home. The PRV reduces supply pressure from
500 to 300 kN/m?. If water usage before PRV is 350 Lpcd, calculate typical water saving. Use the infor-
mation provided in Table 4.2.

Solution

1. Select from Table 4.2 the residential water uses that are affected by PRV.

The toilet flush tank has a fixed volume, and the washing machine and dishwasher have level
controller. Therefore, installation of the PRV will not reduce water uses in these categories. Only those
uses will be affected that are directly from the faucet. These uses are: (a) shower 20% (bathing 8% not
affected), (b) wash basin 11%, (c) kitchen assume 4% (out of 9%), and (d) lawn sprinkling 3%.

2. Calculate the water uses in home directly affected by PRV.
Total percentage affected = (20 + 11 44 + 3)% = 38%
Total usage affected at 500 kN/m?, gsg0 = 0.38 x 350 Lpcd = 133 Lpcd

3. Calculate the ratio of usage before and after installing the PRV.

Pspo
q500 _ CaAy/28 hsoy (9.81 kN/m3> _ [Psoo _ /500 kKN/m* 199
Q300  CaA\/2g h3op P30 P30 300 kN/m? ’
9.81 kN/m?

4. Calculate the water saving due to PRV.

133 Lpcd
Total usage at 300 KN/m?, G300 = 0 _ 220 PCC

= = 103 Lpcd
1.29 1.29

Total water saving, Aq = gs00 — 300 = 133 Lpcd — 103 Lpcd = 30 Lpced

A 30 Lpcd
Overall water saving based on average water demand = 2 2P 100% = 8.6%
4500 350 LpCd

EXAMPLE 4.7: WATER CONSERVATION IN HOMES

A home has installed water conservation devices. These devices and expectedpercentage savings over
conventional devices are given in Table 4.4. Calculate total water saving in Lpcd and overall percent
saving. The average water usage in the home before installation of these devices was 400 Lpcd.
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TABLE 4.4 Water Saving Devices and Expected Savings over
Conventional Devices (Example 4.7)

Device Expected Saving, %
Shallow-trap water closet (toilet) 35
Sink faucet aerator 2
Limiting shower head 12
Water efficient dishwasher 7
Level-controlled washing machine 4

Solution

1. Select from Table 4.2 the residential water uses that are affected by new devices.
The residential water uses that are affected by new devices are (a) toilet 33%, (b) wash basin 11%,
(c) shower use is 20% (bathing 8% not affected), (d) dishwasher 4%, and (e) washing machine 16%.

2. Calculate the savings achieved by new devices.
The savings achieved from different new devices are summarized below:

Usage Saving
Water Uses EEEEEE——
% Lpcd % Lpcd

Water closet (toilet) 33 132° 35 46.2°
Wash basins and sinks 11 44 2 0.9
Shower 20 80 12 9.6
Dishwasher 4 16 7 1.1
Washing machine 16 64 4 2.6
Total 84 332 — 60 Lpcd

#400 Lpcd x 0.33 = 132 Lpcd
© 132 Lpcd x 0.35 = 46.2 Lpcd

Opverall savings from water conservation devices = 60 Lpcd

60 Lped

———— = 15%
400 Lpcd °

Percent overall saving =

4.4 Wastewater Flow

Municipal wastewater is derived largely from the water supply. A considerable portion of the water supply,
however, does not reach the sewers. This includes water used for street washing, lawn sprinkling, fire fight-
ing, and leakages from water mains and service pipes. A small portion of water may also be consumed in
products and manufacturing processes. Also, many homes and other establishments that are not served
by a sewerage system may use the city water supply but utilize on-site wastewater treatment and disposal.
On the other hand, I/1, and water used by industries and residences that is obtained from privately owned
sources may increase the quantity of wastewater larger than the public water supply. In general, the average
wastewater flow may vary from 60% to 130% of the water used in the community. Many designers
frequently assume that the average rate of wastewater flow, including a moderate allowance for I/1, equals
the average rate of water consumption. Average wastewater flows from residential, commercial, industrial,
institutional, and other sources may be obtained from careful consideration of local water consumption
data or by using wastewater generation rates for other similar cities in that region.



Sources and Flow Rates of Municipal Wastewater 4-13

4.5 Wastewater Flow Variation
4.5.1 Dry Weather Flow

Like water demand, wastewater flows also vary with respect to time of the day, day of the week, weather
condition, and season of the year. Under dry weather conditions, the daily wastewater flow shows a diurnal
pattern exhibiting a peak and a minimum in 24-h period. The diurnal wastewater flow parallels that of
water demand with a lag of few hours (Figure 4.1).

Hourly peak and minimum dry weather flows are generally estimated from several equations and
graphical relationships developed from case studies. The ratio of hourly peak to daily average, and hourly
minimum to daily average flows depend upon the contributing population. Commonly used equations are
given by (Equations 4.4 through 4.8)."*>!!

14
Mpsx =1+ ——F% 4.4
5
Miax = Po.167 (4.5)
Qo = 3:2(Q)™ (4.6)
log(Mpmay) = —0.19 log(P) + 0.74 (4.7)
log(Min) = 0.142 log(P') — 0.682 (4.8)
where
M.« = peaking factor, or ratio of hourly maximum to daily average flows
P =population in thousands

Q... =hourly maximum dry weather flow, MGD

Q. = daily average dry weather flow, MGD

M i = ratio of hourly minimum to daily average flows
P’ =population in thousands, range 1 < P’ < 10,000

EXAMPLE 4.8: PEAK DRY WEATHER WASTEWATER FLOW CALCULATION
FROM DIFFERENT EQUATIONS

A city has a population of 20,000 residents. The average wastewater flow is 380 Lpcd. Calculate (1) daily
average and hourly peak dry weather flows in m®/d and MGD, (2) hourly minimum flow in m*/d, and (3)
compare the results.

Solution

1. Calculate the daily average wastewater flow.

3

X 20,000 persons X ——— = 7600 m*/d or 2.0 MGD
1000 L

Daily average wastewater flow =
person-d

2. Calculate the hourly peak dry weather flows from Equations 4.4 through 4.7.

14 1
——=12.65

4
=l =2.
4+ /P 44420
Hourly peak dry weather flow = 2.65 x 7600 m>/d = 20,140 m®/d or 5.30 MGD

Peaking factor from Equation 4.4, My = 1 +



4-14 Volume 1: Principles and Basic Treatment

5
P67 (2071 =
Hourly peak dry weather flow = 3.03 x 7600 m’/d = 23,028 m®/d or 6.06 MGD

Peaking factor from Equation 4.5, Myn,x = 3.03

Hourly peak dry weather flow Equation 4.6,
Q max = 3.2(Q op)”® = 3.2(2.0)°/° = 5.70 MGD or 21,575 m*/d
Peaking factor from Equation 4.7, log(Mpay) = —0.19 log(P') + 0.74 = —0.19 log(20) + 0.74
Mpax = 3.11
Hourly peak dry weather flow = 3.11 x 7600 m®/d = 23,636 m®/d or6.22 MGD
3. Calculate the hourly minimum flow.

Ratio of hourly minimum to daily average flows from Equation 4.8,

10g(Mpin) = 0.142 log(P') — 0.682 = 0.142 x log(20) — 0.682 = —0.497
Mipin = 0.32

Hourly minimum dry weather flow = 0.32 x 7600 m>/d = 2432 m?/d or 0.64 MGD

4. Compare the results.

Flow Condition m’/d  MGD Ratio to Average
Flow
Hourly peak dry weather flow from Equation 4.4 20,140  5.30 2.65
Hourly peak dry weather flow from Equation 4.5 23,028  6.06 3.03
Hourly peak dry weather flow from Equation 4.6 21,575  5.70 2.85
Hourly peak dry weather flow from Equation 4.7 23,636  6.22 3.11
Hourly minimum dry weather flow from Equation 4.8 2432 0.64 0.32

The results of hourly peak dry weather flow from four equations are comparable. The results indi-
cate that the ratio of hourly peak and minimum dry weather flows is approximately 10:1.

4.5.2 Infiltration and Inflow

Infiltration is the groundwater that enters the sewers through service connections, cracked pipes, defective
joints, and cracked manhole walls. Inflow is the direct flow due to surface runoft that may enter through a
manhole cover, roof area drains, and cross connection from storm sewers and combined sewers. Flow
from cellar and foundation drains, cooling water discharges, and drainage from springs and other steady
flows are included with the infiltration. The conditions that apply to I/I are listed below:

1. The amount of I/I reaching a sewer system depends upon
a. The length and age of the sewer

The construction material, methods, and workmanship

Number of roof or drain connections

The groundwater table relative to sewer position

Type of soil, ground cover, and topographic conditions

P o T
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FIGURE 4.2  Average allowance for infiltration rate in new sewers.
Source: Adapted in part from Reference 4.

2. Permissible I/T allowance is 780 Lpcd (205 gpcd) as long as there is no operational problems such as
surcharges, bypasses, or poor treatment performance resulting from hydraulic overloading of pub-
lically owned treatment work (POTW) during storm events.

3. In older sewers, infiltration is high because of deteriorated joints and masonry mortar. Newer sew-
ers use joints sealed with rubber gaskets or synthetic material, and use precast manholes. Also, the
I/1 rate is significantly smaller.

4. When designing sewers, allowance must be made for old and new sewers. Average values of I/1
allowance are 94-9400 L/cm (diameter)-km (linear length)-d (100-10,000 gpd/in-mile) or 200-
28,000 L/ha-d (20-3000 gpd/acre).

5. In the absence of flow records, many states specify 1500 Lpcd (400 gpcd) for design of laterals and
submains, and 1300 Lpcd (350 gped) for mains and trunk sewers. These design flows include nor-
mal I/T allowance.

6. For new sewers or recently constructed sewer systems having precast manholes and pipe joints
made with gaskets of rubber or rubber like material, the average infiltration allowance may be found
from Figure 4.2.

4.5.3 Common Terms Used to Express Flow Variations

Several terms are commonly used to express the flow variations in the overall context of planning, design, and
operation of wastewater treatment facilities. These terms and their significance are briefly presented below.

Daily Average Flow: The daily average flow (also called the annual average day flow) is based on annual
flow rate data. It is the average flow occurring over 24-h period under dry weather condition. This
flow is very important and used to (1) evaluate treatment plant capacity, (2) develop flow rate ratios,
(3) size many treatment units, (4) calculate organic loadings, (5) estimate sludge solids, (6) estimate
chemical needs, and (7) calculate pumping and treatment unit costs.
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Maximum Dry Weather Flow: Maximum dry weather flow is the hourly peak of the diurnal flow
curve. This flow is important as it brings about daily flushing action in sewers, conduits, and chan-
nels. It is used to design and check the retention time of several critical components of a
treatment facility.

Peak Wet Weather Flow: Peak wet weather flow occurs after or during precipitation, and includes a
substantial amount of I/I. Some regulatory agencies define peak wet weather flow as the highest
2-h flow encountered under any operational condition, including times of highest rainfall (generally
the 2-year, 24-h storm is assumed), and prolonged period of wet weather. The highest 2-h flow is
very important in the design of wastewater treatment facilities. The ratio of wet weather flow with
respect to average daily flow may reach 3-5:1. Peak hourly flow (or highest 2-h flow) is needed to
design (1) the interceptor sewers and collection system, (2) conduits and connecting pipes and
channels in a treatment plant, (3) pumping stations, (4) flow meters, (5) bar screen and grit chan-
nels, (6) the hydraulics of the influent and effluent structures of most treatment units, and (7) to
check the retention period of many critical treatment units.

Minimum Hourly Flow: The minimum hourly flow is the lowest flow on a typical dry weather diurnal
flow curve (Figure 4.1). Low flows may cause settling of solids in pipes and channels. These flow
rates are needed for sizing of (1) flow meters, (2) lower range of chemical feeder, and (3) pumping
equipment. Often recirculation is needed during low flows to maintain hydraulic loadings in some
treatment units.

Sustained Flows: Sustained flows are the flows that persist over several days. Sustained flows could be
on the low or high sides. As an example, extraordinarily dry or hot weather may cause sustained low
extremes. Likewise, prolong wet weathers and special events in a community such as fairs, conven-
tions, games, exhibitions may be a source of population surges and could all cause high sustained
flows. Data on sustained flow rates may be needed in sizing equalization basins and other plant
hydraulic components, and to check the design of many units under extreme conditions. The sus-
tained-flow envelope should be developed from the longest available period of record. The typical
sustained flow envelope at a treatment plant is shown in Figure 4.3.

Emergency Flow Diversion: Many POTWs are equipped with a flow diversion facility to hold the excess
or entire flow under emergency situations. Such conditions may develop if (1) power failure occurs,
(2) the combined sewer overflows (CSOs) are directed, and (3) excessive I/1 is diverted from the
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FIGURE 4.3 The typical sustained flow envelope at a wastewater treatment plant.
Source: Adapted in part from References 1, and 3 through 5.
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sanitary sewers. The diverted flow is temporarily stored in a basin, and rerouted through the plant
after restoration of power, or when the plant is able to handle the stored flows. Various types of
flow-regulating devices are used to achieve proper flow diversion. Common diversion devices
are side weir, transverse weir, leaping weir, orifice, relief siphon, tripping plate, and hydrobrake reg-
ulators. References 1, 3, 4, 11, and 12 should be consulted for design information on these
diversion devices.

Design Flows: The design flows are the ultimate flows when the facility is expected to reach its full
design capacity. Design flows occur at the end of the design period, which may be 10-20 years
after initial construction is completed. The design flows are peak wet weather, average day, and
minimum flows.

EXAMPLE 4.9: PEAK I/I

A city subdivision has a population density of 3500 residents per km”. During wet weather condition, the
expected average I/I from this subdivision is 3800 L/ha-d and the peaking factor is 1.5. Estimate average
and peak I/I in Lpcd.

Solution

1. Estimate the population per ha.

3500 persons ~ km? 10,000 m?

Population density = o2 X ooz * o 35 persons/ha
2. Estimate the average I/1.
3800 L
A [)I=—
verage I/ had
3800 L 1
Average I /I per person = = 109 Lpcd

had 35 person/ha
3. Estimate the peak I/I.
Peak I/I = 1.5 x 109 Lpcd = 164 Lpcd

EXAMPLE 4.10: PERMISSIBLE I/I FOR NEW DEVELOPMENT

A new housing subdivision is planned. The total land area that will be developed is 2470 acres. Using
Figure 4.2, estimate the average I/I allowance for design of intercepting sewer.

Solution

1. Determine the area served in ha.

ha
Landarea = ———— x 2470 acres = 1000 ha
2.4711 acre

2. Estimate from Figure 4.2 the I/I allowance for new sewer system.
I/Iallowance = 5.7 m>/ha-d
3. Determine the average I/1.

AverageI/I = 5.7 m’ /ha-d x 1000 ha = 5700 m?®/d
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EXAMPLE 4.11: PERMISSIBLE I/TI ALLOWANCE IN A SEWER AND PEAK WET
WEATHER FLOW

The population of a city is 40,000. Average wastewater flow is 400 Lpcd, and permissible average I/ allow-
ance is 890 L/cm-km-d (961 gpd/in-mile). The average length of sanitary sewer is 8 m per capita. The
sewer distribution by pipe size is as follows: 15 cm dia. = 4%, 20 cm dia. = 79%, 31 cm dia. = 10%, 46
cm dia. = 5%, and 61 cm dia. = 2%. Estimate I/I in Lpcd and peak wet weather flow in m®/d. Assume
the peaking factor for I/I is 1.6.

Solution

1. Calculate the daily average and hourly peak dry weather flows.

m3

1000 L

Daily average flow = % 40,000 persons x = 16,000 m’/d

0
person-d

14 =14+ Ly
44+ P 4+4/40

Hourly peak dry weather flow = 2.36 x 16,000 m*/d = 37,760m>/d

Peaking factor from Equation 4.4, My, = 1 +

Hourly peak dry weather flow in Lpcd = 2.36 x 400 Lpcd = 944 Lpcd

2. Calculate the length and equivalent sewer diameter in the collection system.

Total length of sanitary sewer = = 320 km

X 40,000 persons x
son 1000 m

Equivalent diameter (weighted average)

_ 0.04 x 15cm + 0.79 x 20 cm + 0.1 x 31 cm + 0.05 X 46 cm + 0.02 X 61 cm
- 0.04 + 0.79 + 0.1 4 0.05 + 0.02

. 23.02 cm
T

=23 cm

3. Calculate the peak I/I.

890 L m?
S0 @23 320 km
cmkmd < 23 em % )X 1000 L
1000 L 1

m3

Daily average I/I allowance = = 6550 m’/d

Daily average I/Tallowance in Lpcd = 6550 m®/d x

= 164 Lpcd
40,000 persons

Hourly peak I/Tallowance = 1.6 x 164 Lpcd = 262 Lpcd

262 L m?

—  _x——— =10,480 m’/d
person-d 1000 L

Hourly peak I/T allowance = 40,000 persons x

4. Calculate the hourly peak wet weather flow.
Total hourly peak wet weather flow to the plant

= hourly peak dry weather flow + hourly peak I/I allowance
= (37,760 + 10,480) m>/d = 48,240 m’/d

Total hourly peak wet weather flow in Lpcd = (944 + 262) Lpcd = 1206 Lpcd
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EXAMPLE 4.12: 1/T AND DIURNAL FLOW CURVE

A sewer evaluation study of a service area was conducted to determine the infiltration and inflow reaching
the collection system and to estimate the peak wet weather flow. A flow measurement device was installed
in the interceptor that carried the entire flow from the service area. The hourly flow measurements on a
typical dry day gave the diurnal weather flow pattern. The diurnal flow pattern of a typical dry day is
shown in Figure 4.4. After a long dry spell, the first high-intensity storm caused heavy downpour in
the service area. Since the groundwater table was low, the infiltration was negligible, and the excess
flow over the dry weather flow was the inflow. The measured hourly flow under this condition is illus-
trated in Figure 4.4. After this downpour, high-intensity storms and intermittent showers continued to
occur over a 10-day period. Under this wet weather condition, the ground was completely saturated.
The recorded flow data are a measure of combined infiltration and diurnal dry weather flow in the inter-
ceptor. It is also shown in Figure 4.4. Determine (a) daily average dry weather flow, (b) hourly peak dry
weather flow, (c) daily average infiltration, (d) 2-h peak inflow, (e) 2-h peak wet weather flow, and (f) 2-h
peaking factor, which is the ratio of 2-h peak wet weather flow and daily average dry weather flow.

140
120 A
Infiltration + dry weather flow
Duration of i
1191 high-intensity :
P . 1
precipitation 1
= 80 E
= i
5 :
. 1
= 60 :
1
w0 = A
0 i Diurnal dry
; weather flow
20 z E\
: 0 Peak dry weather flow
I Inflow ;
0 " " " " " — " " " " "
0 2 4 6 8 10 12 14 16 18 20 22 24

Time of day
FIGURE 4.4 Diurnal dry weather flow, infiltration and inflow recorded in an interceptor (Example 4.12).

Solution

1. Calculate the daily average and hourly peak dry weather flows.
The daily average dry weather flow is calculated from the diurnal dry weather flow curve given in
Figure 4.4.
Apply the trapezoidal rule (Equation 4.1).
Daily average dry weather flow

1
:EXZhX[4Om3/h+2X(24+20+26+4O+75+110+105+51+54+77

+60) m®/h + 40 m>/h]
= 1364 m® totalin 24 h or 56.8 m’ /h as daily average

Hourly peak dry weather flow as read between 12:00 and 1:00 p.m. in Figure 4.4 = 111 m>/h

4-19
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2. Calculate the daily average infiltration when soil is saturated completely.
The combined infiltration and dry weather flow curve is also shown in Figure 4.4.
The average infiltration is also calculated from the curve using the trapezoidal rule (Equation 4.1).
Area under infiltration flow curve (includes dry weather flow)

1
:Ex2hx[59m3/h—|—2><(42+39—|—45+58+94+128+123—|—70—|—73

+97 +79) m> /h 4+ 59 m>/h]
= 1814 m® total in 24 h

1814 m’
24h

Daily average infiltration plus dry weather flow = =756 m’/h

Daily average infiltration flow = (75.6 — 56.8) m>/h = 18.8 m*/h
3. Estimate the 2-h peak inflow.

The inflow is estimated from the inflow curve between 3:30 and 5:30 a.m. in Figure 4.4.
2-h peak inflow plus base dry weather flow = 54 m’/h

2-h base dry weather flow = 21 m*>/h

2-h peak inflow = (54 — 21) m>/h = 33 m’/h

4. Estimate the 2-h peak wet weather flow.
In the worst case scenario, assume peak inflow occurs between 12:00 and 2:00 p.m. when hourly
peak dry weather flow is reached. To be conservative, hourly peak dry weather flow is used in the
estimation.

2-h peak wet weather flow = hourly peak dry weather flow + daily average infiltration
+ 2-h peak inflow

= (111 +18.8 + 33) m’/h = 162.8 m> /h

5. Calculate the 2-h peaking factor.

162.8 m’/h

=020
56.8 m3/h

2-h peaking factor =

EXAMPLE 4.13: PEAKING FACTOR IN A CITY DEVELOPMENT PROJECT

The future land use plan of a city development project has residential, commercial, and industrial areas,
and a day school. Data on the expected saturation population densities, daily average wastewater flows,
and peaking factors for various types of land use plan of the development project are given in Table 4.5.
The day school has an enrollment of 2000 students. Estimate the daily average and peak wastewater flow
rates and the overall peaking factor.

Solution
1. Calculate the population and flows.
Set up a computational table for estimating the population and flows. The summary of computa-
tions is provided in Table 4.6.
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TABLE 4.5 Expected Saturation Population Densities, Wastewater Flows, and Peaking Factors for Various

Land Use Plan of the City Development Project (Example 4.13)

e s T G T e
Single family dwellings 170 35 Lpcd 350 Equation 4.4
Mixed residential dwellings 120 45 Lpcd 260 Equation 4.4
Apartments 150 130 Lpcd 220 Equation 4.4
School 40 = Lpcd 76 4.8
Commercial 150 - m’/ha-d 30 1.8
Industrial 110 - m’/ha-d 60 2.2
Infiltration/inflow Total area — m’/ha-d 5 6.0
TABLE 4.6 Computation Table for Population and Flow Estimation (Example 4.13)

Daily
Land Use Area, ha P]Z};Tl:::n Population Unit L(Eiz:lg A;’f:;%e P;:(iiig lfl:ivli
Density per ha m’/d m’/d
Single family 170 35 5950 Lpcd 350 2083 3.2° 6666
dwellings
Mixed 120 45 5400 Lpcd 260 1404 3.2° 4493
residential
dwellings
Apartments 150 130 19,500 Lpcd 220 4290 2.7° 11,583
School 40 = 2000 Lpcd 76 152 4.8 730
Commercial 150 = = m’/ha-d 30 4500 1.8 8100
Industrial 110 — — m’> /ha-d 60 6600 2.2 14,520
Subtotal 740 = 32,850 = = 19,029 2.4° 46,092
I/1 740 = = ms/ha'd 5 3700 6.0 22,200
Total/overall 740 — 32,850 — — 22,729 3.0 68,292
* Values calculated from Equation 4.4.
b 46,092m> /d s
19,029m?/d
€ See calculation in Step 4.
2. Estimate the daily average flows.
Daily average dry weather flow =19,029 m’/d
Daily average I/I flow =3700m>/d
Daily average flow including average I/1 = 22,729 m>/d
3. Estimate the peak flows.
Peak dry weather flow =46,092m’/d
Peak 1/I flow =22,200m’/d
Peak wet weather flow = 68,292 m> /d

4. Estimate the overall peaking factor.

Overall peaking factor =

68,292 m’/d
22,729 m3/d

3.0
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EXAMPLE 4.14: SUSTAINED AVERAGE FLOW RATIO (SAFR) ENVELOPE

Describe the procedure for developing sustained average flow ratio (SAFR) envelope. Daily average flow
(DAF) data during 30 consecutive days at a wastewater treatment plant is summarized in Table 4.7. The
annual average day flow (AADF) at the plant is 0.58 m>/s. Develop the maximum and minimum SAFR
envelope up to a 10-day period.

TABLE 4.7 Average Flow (AF) Data during 30 Consecutive Days (Example 4.14)

Day DAF, m’/s Day DAF, m*/s Day DAF, m®/s
1 0.25 11 0.65 21 0.83
2 0.16 12 0.66 22 0.80
3 0.15 13 0.67 23 0.72
4 0.13 14 0.68 24 0.66
5 0.14 15 0.69 25 0.66
6 0.25 16 0.70 26 0.65
7 0.35 17 0.75 27 0.50
8 0.48 18 1.12 28 0.32
9 0.52 19 1.20 29 0.20
10 0.60 20 1.15 30 0.18
Solution

1. Describe the procedure for developing the SAFR envelope.

Select the longest available period of consecutive days () with DAF data.
Determine the AADEF.

Calculate the SAFR,; for each i consecutive days, i=1, 2, 3,...,n, and n < m.
Identify the maximum and minimum values of SAFR; (i=1, 2, 3,...,n).
Summarize the maximum and minimum SAFR data.

-0 0 O

Plot the maximum and minimum SAFR data as well as the AADF ratio with respect to i con-
secutive days the flow rate is sustained. The AADF line will be horizontal and pass from the
ratio of 1. The maximum and the minimum SAFR curves will be above and below the
AADF line, respectively.

2. Develop the maximum and minimum SAFR envelope for a 10-day period (n = 10).

Calculation results are tabulated in Table 4.8. A brief description is provided below for each step of
the calculations.

a. In this problem, a 30-day period (m = 30) is selected in Column 1 and the consecutive DAF
data is summarized in Column 2.

b. The AADF is 0.58 m’/s at the plant.
SAFR,; is calculated for each i consecutive days (i =1, 2, 3,...,10). The calculation results are
summarized in Columns 4-12.

d. The maximum and minimum values of SAFR; are identified in bold numbers in Columns 3-12
for each i consecutive days over the 30-day period.
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TABLE 4.8 Summary of Calculations of Maximum and Minimum of SAFRs (Example 4.14)
SAFR,

Day DAF, m’/s

(1) ) 3) (4) (5) (6) ?) (8) ) (10) (11) (12)
1 0.25 0.43° - - - - - - - - -
2 0.16 028  035° - - - - = - - -
3 0.15 0.26 027°  032° - = = = = = =
4 0.13 0.22° 024 025¢ 030 = = = = = =
5 0.14 0.24 023 024" 025 029 = = = = =
6 0.25 043 0.34 0.30 0.29 0.29 0.31 = = = =
7 0.35 0.60 0.52 043 0.38 0.35 0.34 0.35 = = =
8 0.48 0.83 0.72 0.62 0.53 0.47 0.43 0.41 0.41 = =
9 0.52 0.90 0.86 0.78 0.69 0.60 0.54 0.50 0.47 0.47 =

10 0.60 1.03 0.97 0.92 0.84 0.76 0.67 0.61 0.56 0.53 0.52

11 0.65 1.12 1.08 1.02 0.97 0.90 0.82 0.74 0.67 0.63 0.59

12 0.66 1.14 1.13 1.10 1.05 1.00 0.94 0.86 0.79 0.72 0.68

13 0.67 1.16 1.15 1.14 111 1.07 1.03 0.97 0.90 0.83 0.77

14 0.68 1.17 1.16 1.16 1.15 1.12 1.09 1.05 0.99 0.93 0.86

15 0.69 1.19 1.18 1.17 1.16 1.16 1.14 1.10 1.07 1.02 0.96

16 0.70 121 1.20 1.19 1.18 1.17 1.16 1.15 111 1.08 1.03

17 0.75 1.29 1.25 1.23 1.22 1.20 1.19 1.18 1.16 113 1.10

18 112 1.93 1.61 1.48 1.41 1.36 1.32 1.30 1.28 1.25 1.21

19 1.20 2.07°  2.00 1.76 1.63 1.54 1.48 1.43 1.39 1.36 1.33

20 1.15 1.98 203 1.99° 182 1.70 1.61 1.55 1.50 1.46 1.43

21 0.83 143 1.71 1.83 1.85 1.74 1.65 1.59 1.53 1.49 1.46

22 0.80 1.38 1.41 1.60 1.72 1.76 1.68 1.61 1.56 1.52 1.48

23 0.72 1.24 131 1.35 1.51 1.62 1.67 1.62 1.57 1.52 1.49

24 0.66 1.14 1.19 1.25 1.30 143 1.54 1.60 1.56 1.52 1.49

25 0.66 1.14 1.14 1.17 1.22 1.27 1.39 1.48 1.54 1.51 1.48

26 0.65 1.12 1.13 1.13 1.16 1.20 1.24 1.35 1.44 1.49 147

27 0.50 0.86 0.99 1.04 1.06 1.10 1.15 1.19 1.29 137 1.43

28 0.32 0.55 0.71 0.84 0.92 0.96 1.01 1.06 111 1.20 1.29

29 0.20 0.34 0.45 0.59 0.72 0.80 0.86 091 0.97 1.02 112

30 0.18 0.31 0.33 0.40 0.52 0.64 0.72 078 0.84 0.90 0.95

* The value of SAFR, is separately calculated for each day in Column 3, Column(3) = Column (2)/(0.58m>/s).

3 3
For example, SAFR| = % = g:g :4: = 0.43 for day 1, and SAFR, = gég 24; =0.28 for day 2.

® The value of SAFR, is separately calculated for each day in Column 4, Column (4) = (1/2) X (Sum of two consecutive values in
Column (3)).

For example, SAFR, = (1/2) x (0.43 + 0.28) = 0.35 during the first two days, and SAFR, = (1/2) x (0.28 +0.26) = 0.27

during the second and third days.

¢ The maximum and minimum values of 2.07 and 0.22 are identified for SAFR; and highlighted in Column 3.

9 The value of SAFR; is separately calculated for each day in Column 5, Column (5) = (1/3) % (Sum of three consecutive values in
Column (3)).

For example, SAFR; = (1/3) X (0.43 + 0.28 + 0.26) = 0.32 during the first three days, and SAFR; = (1/3) x (0.28 + 0.26 +
0.22) = 0.25 between the second and fourth days. Similarly, values of SAFR; (i =4, 5, ..., 10) are calculated and summarized in
Columns 6-10.

¢ The maximum and minimum values of 2.03 and 0.23 are identified for SAFR, and highlighted in Column 4.
f The maximum and minimum values of 1.99 and 0.24 are identified for SAFR, and highlighted in Column 5. Similarly, the
maximum and minimum values are identified for all SAFR; (i =4, 5,...,10) and highlighted in Columns 6-10.
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3. Summarize the maximum and minimum SAFR data.
The maximum and minimum SAFR data is summarized below.

SAFR;
Parameter
i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10
Maximum 2.07 2.03 1.99 1.85 1.76 1.68 1.62 1.57 1.52 1.49
Minimum 0.22 0.23 0.24 0.25 0.29 0.31 0.35 0.41 0.47 0.52

4. Plot the maximum and minimum values of SAFR with respect to the number of consecutive days dur-
ing the 10-day period.
These plotted lines form an envelope. As the number of consecutive days is increased, the envelope
will tend to converge to the AADF ratio passing through 1. The SAFR envelope for 10 consecutive days
is shown in Figure 4.5.

3
Maximum SAFR

2 B \

Y

. AADF ratio = 1.0
Minimum SAFR| _, _yet—"]
==

0

0 5 10 15
Number of consecutive days the flow rates are sustained (d)

e MaXimum e Minimum

FIGURE 4.5 Sustained average flow ratio (SAFR) envelop (Example 4.14).

EXAMPLE 4.15: FORECASTING DESIGN FLOW RATES

A city has a current total population of 40,000 residents. The estimated design population is 55,000 at the
end of a design period of 20 years. Determine the design average, peak, and minimum flow rates. Use the
following data.

Current daily average flow to the wastewater treatment plant = 18,400 m®/d
Daily average I/1 flow =80 Lpcd
Hourly peak I/1 flow =180 Lpcd

A new junior college will attract 1500 nonresident students per day. The daily average wastewater flow
is 50 Lpcd. A new industry will add a daily average flow of 900 m?/d for a 24 h/d operation. An hourly
peak flow of 1500 m®/d will occur during the day shift. The plant will be shut down one day a week. It is
expected that 10% per capita reduction in wastewater flow will occur with the future population growth.
The minimum to average flow ratio is 0.4 for the current dry weather wastewater flow.

Solution

1. Calculate the current wastewater flow in Lpcd.

m3

1000 L

80 L
Daily average I/I flow = ———— X 40,000 people x = 3200 m®/d

- person-d
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Daily average dry weather wastewater
flow

Daily average dry weather flow in Lpcd

= (18,400 — 3200) m?/d = 15,200 m?/d

1000 L » 1
m?3 40,000 persons

= 15,200 m?/d x

2. Calculate the expected future wastewater flow in Lpcd.

Future daily average flow after 10% reduction = (1 — 0.1) x 380 Lpcd = 342 Lpcd

3. Calculate the design daily average wastewater flow.

Current daily average dry weather flow

Future addition daily average
residential flow

Daily average students’ contribution

Subtotal daily average residential flow

Daily average industrial flow
Daily average I/I flow
Design daily average flow
4. Calculate the design hourly peak flow.
Peaking factor from Equation 4.4,

Hourly peak dry weather residential
flow

Hourly peak industrial flow
Hourly peak I/I flow

Design hourly peak flow
5. Calculate the design minimum flow.

Minimum dry weather flow
Minimum industrial flow

Total design minimum flow

= 15,200 m>/d
342 L g
= 2 15,000 people X —— = 5310m>/d
person-d 1000 L
50 L m?
= % 1500 people x =75m®/d
student-d PEOPIe X 1000 L m’/
= (15,200 + 5130 + 75) m?/d = 20,405 m?/d
=900m*/d
80 L 2
= 55,000 people X ——— = 4400 m? /d
person-d 1000 L

= (20,405 + 900 + 4400) m3/d = 27,705 m>/d

=2.23

PRSI
4++/P 4+4+/55
= 2.23 x 20,405 m*/d = 45,500 m*/d

=1500m’/d

180 L m?
= ———— X 55,000 people x
person-d 1000 L

= (45,500 + 1500 + 9900) m?/d = 56,900 m®/d

= 9900 m®/d

= 0.4 x 15,200 m>/d = 6080 m’/d
=0 (during the plant shut down)
= 6080 m’/d

Discussion Topics and Review Problems

= 380 Lpcd
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4.1

The hourly diurnal water demand and wastewater flow data of a city is given below. Calculate the

average water demand and average wastewater flow. What percentage of the water is returned to the

wastewater treatment facility? Draw the diurnal water demand and wastewater flow curves.

a.m. p.m.
Time
12 2 4 6 8 10 12 2 4 6 8 10 12
Water demand, 14.3 9.3 59 11.7 55.3 44.4 25.1 26.0 31.8 46.0 48.6 33.5 14.3
m®/h
Wastewater flow, 18.5 14.3 12.1 13.5 18.5 27.7 38.5 42.8 36.0 31.2 26.5 28.5 18.4

m’/h
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A 200-home subdivision is proposed. Calculate the annual water saving that can be achieved if
instead of conventional plumbing all homes are installed with faucet aerators, water efficient wash-
ing machines and dishwashers, and shallow trap water closets. Assume average nonconserving
water consumption is 380 Lpcd, and there are at an average 3.5 residents per home. Make use of
the information provided in Table 4.2. Average savings from conservation devices are given in
Example 4.7.

A home has installed a pressure reducing value (PRV) at the point of entry into the home. If
water usage is 350 Lpcd and there are four residents, calculate percent water saving. Typical
breakdown of residential water usage is given in Table 4.2. Average savings from PRV is
assumed 25%.

In a home, total average water loss caused by toilet leaks, faucet drips, and leakage from the lawn
sprinkler is ~4% of total water consumed. The water supply pressure is 345 kPa. A PRV is installed
which drops the supply pressure in the home to 110 kPa. Assuming water consumption is 304 Lpcd
and all leaks behave like orifices, calculate the water saving that will be achieved from these sources
after PRV is installed.

A wastewater treatment plant receives at an average 87% of water supply during dry weather
conditions. Average, expected municipal water demand is 340 Lcpd. Calculate average and maxi-
mum dry weather flows. Population of the town is 45,000.

A small subdivision of a city is being developed. The ultimate zoning plan shows the following:
residential, institutional, and commercial establishments. The single family population in low-
income, medium-income, and high-income units are 500, 800, and 1500.

One apartment complex 500 residents
One hotel/motel 500 units

One hospital 300 beds

One nursing home 150 beds

One boarding school 1500 students
Five restaurants 1900 customers
One bar 150 customers
Shopping centers 250 employees
Three barber shops 30 chairs

Two beauty salons 20 stations
One commercial laundry 20 machines
One service station bays

One movie theater seats

Calculate the residential water demand, and institutional and commercial water demand. What is
the average water demand for the entire community and Lpcd? Use the average unit loadings in
Table 4.3.

A city of 60,000 residents has an average water demand of 350 Lpcd. The institutional and com-
mercial, and industrial average areas in the city are 200 and 300 ha, and water demand expected is 20
and 23 m’/ha-d. The public water use and water unaccounted for are 10% and 6% of total municipal
water demand, respectively. Calculate total municipal demand, and that of each component as a
percent of total municipal water demand.

A municipal service area is 1650 ha. Average estimated infiltration/inflow allowance is 3500 L/ha-d.
Calculate the I/I quantity per capita per day. Assume that the population density of the service area
is 25 persons per ha.
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4.9

4.10

4.12

The total length of a sewerage system of a city is 200 km. The weighted equivalent diameter of
the sewers is 21 cm. Calculate the I/I flow per capita per day that may reach the wastewater
treatment plant if the I/T allowance is 1400 L/cm-km-d. Average sewerage length per capita is
8m.

The population of a city is 68,000. Average wastewater flow and length of wastewater collection
system are 380 Lpcd, and 10 m per capita. The distribution of collection system is as follows.

Sewer diameter, cm 15 20 31 46 61
Distribution, % 4 75 12 6 3

The permissible I/I allowance is 1200 L/cm-km-d (1300 gpd/in-mile). The peaking factor for I/I
is 1.5. Determine I/I flow in Lpcd, and peak wet weather flow in m?/d.
The population of a city is 25,000 residents. The design average flow to a wastewater treatment plant
is 100 gpcd. Determine the average annual sustained one day and 5 consecutive days peak and low
flows in MGD. Use the information given in Figure 4.3.
The design population of a city in 15 years is estimated to be 35,000 residents. The expected average
per capita wastewater flow and peak I/ allowances are 400 and 150 Lpcd. The estimated peak indus-
trial flow is 3500 m®/d. Calculate the peak design flow.
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Characteristics of Municipal
Wastewater

5.1 Chapter Objectives

Municipal wastewater contains ~99.9% water. The remaining constituents include suspended (settleable
and nonsettleable) and dissolved solids that have organic and inorganic components, as well as microor-
ganisms. These constituents give physical, chemical, and biological qualities that are characteristics of res-
idential, commercial, and industrial wastewaters.

The objectives of this chapter are to present the physical, chemical, and biological characteristics of
municipal wastewater. The material is arranged under the following sections:

o Physical quality such as temperature, color, turbidity, odor and solids
o Chemical quality

e Measurement of organic matter and organic strength

» Microbiological quality

e Priority pollutants, toxicity, and biomonitoring

e Unit waste loading and population equivalent (PE)

5.2 Physical Quality

The physical quality of municipal wastewater is generally reported in terms of temperature, color, turbid-
ity, odor, and suspended (settleable and nonsettleable) and dissolved solids. The significance of these
parameters is briefly summarized below. Measurement procedures may be found in References 1-3.

5.2.1 Temperature

The temperature of municipal wastewater is slightly higher than that of the water supply, and stays in the
range of 10-21°C. The average temperature varies slightly with the season, and is higher than the average
air temperature most of the year except during the hot summer months. The wastewater temperature has
significant effect upon the microbiological activity, treatability, solubility of gases, density, and viscosity.

5.2.2 Color, Turbidity, and Odor

The color of fresh wastewater is slightly gray. Stale or septic wastewater is dark gray or black. Turbidity is
due to suspended and colloidal particles. In general, stronger wastewaters have higher turbidity.

Fresh wastewater has soapy or oily odor that is somewhat disagreeable. Stale wastewater has putrid odor
due to hydrogen sulfide, indol, and skatol, and other decomposition products. The intensity of odor is

5-1
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expressed by odor test. The threshold odor number (TON) corresponds to the greatest dilution ratio
at which the odor is just perceptible. TON is expressed by Equation 5.1:

A+ B
TON = A (5.1)
where
TON = threshold odor number
A =volume of sample, mL
B =volume of odor-free water, mL. The recommended volume of A + B is 200 mL

A series of dilutions and blanks (no sample) are made and maintained at 60°C. Panel members are
requested to give their response. Geometric mean of TON is developed from the response of panel mem-
bers. Larger the TON value, more odorous is the sample.

EXAMPLE 5.1: TON TEST

TON study was conducted on a wastewater sample. A series of dilutions were made in odor-free water
such that the total volume of diluted sample in each case was 200 mL. The results of a three-member panel
are summarized below. Determine TON.

Panel Response to Sample Volume Diluted to 200 mL

Panel
Member 0.5 1.0 B 15 20 25 B 3.0 35 40
1 - - - - + + - + + +
2 - - - - - + - + + +
3 = - - + + + - + + +
B =blank (dilution water only)
+ = odor detected
— = No odor perception
Solution
1. Determine the TON values based on results of each panel member.
200
Panel member 1, TON; = = = 100
200
Panel member 2, TON; = 75 = 80
200
Panel member 3, TON3 = e =133
2. Determine the mean TON values.
1
a. Arithmetic mean: TON = - (TON; + TON; + ...+ TON,)
1
=5 (100 + 80 +133) = 104
b. Geometric mean
1 1
Method 1 TON = (TONj X TON; X ... x TON,)n = (100 x 80 x 133)3 = 102

1
Method 2 m=- [log (TON;) + log (TONz) + . ..log (TONy)]

1 1
= 5 (log 100 +log 80 + log 133) = = (2.00 + 1.90 +2.12) = 2.01

TON = 10" = 10201 = 102
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5.2.3 Settleable and Suspended (Nonfilterable), Dissolved (Filterable),
Volatile, and Fixed Solids

The settleable solids are organic and inorganic. They settle under low velocity, and may block the channels
and pipes. Organic content of settleable solids will undergo decomposition and cause odors.

Solids in municipal wastewater contain 50-80% volatile, and 20-50% fixed solids, although this ratio
may vary greatly. The solids settleability test is conducted by settling the wastewater in an Imhoff cone
for 1 h. It is also obtained from the results of total suspended solids (mg/L) minus nonsettleable solids
(mg/L). The suspended or nonfilterable solids are determined by filtration of sample through a glass fiber
filter with a nominal pore size of about 1.2 pm (1 pm = 107%m). The dissolved or filterable solids are
determined by evaporation of a filtered sample in a steam bath. The volatile solids in each category are
determined by ignition of dry solids in a muffle furnace at 550 + 50°C. Procedures for chemical analysis
may be found in the Standard Methods."

EXAMPLE 5.2: SETTLEABLE SOLIDS IN IMHOFF CONE

A 1-L sample of raw municipal wastewater is settled for 1 h in an Imhoff cone (Figure 5.1). The volume
of settled solids in the bottom of the cone is 15 mL. Express the result in mL/L and mg/L. Assume bulk
density of settled solids in the cone is 1015 kg/m’.

1L

— Imhoff cone
Stand

Settled solids

FIGURE 5.1 Determination of settleable solids in an Imhoff cone (Example 5.2).

Solution

1. Express the result as mL/L.

Since the volume of sample in the Imhoff cone is 1 L, the volume of settleable solids = 15 mL/L
2. Express the result as mg/L

Based on bulk density, the concentration of settled solids in the Imhoff cone

3

10° mL

Gmg

10
= 15mL/L x x 1015kg/m? x = 13225mg/L
8

EXAMPLE 5.3: SETTLEABLE, NONSETTLEABLE, AND DISSOLVED
(FILTERABLE) SOLIDS

Twenty-five milliliters of raw wastewater sample was filtered through a dried and preweighed glass-fiber
filter to determine the total suspended solids (TSS). One liter of raw wastewater sample was settled in an
Imhoff cone for 1 h to determine the volume of settleable suspended solids (SS). Twenty-five milliliters of
settled sample was filtered through another predried and weighed glass-fiber filter to determine the non-
settleable SS. Fifty milliliters of filtrate was evaporated in a predried and weighed petri dish over a steam
bath to determine the total dissolved or filterable solids. Calculate (1) TSS, (2) nonsettleable (or nonfil-
terable) SS, (3) settleable SS, (4) total dissolved (filterable) solids (TDS), and (5) the concentration of solids
in the settled sludge in the Imhoff cone.
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The results of the tests are given below:
TSS, including settleable and nonsettleable SS
Weight of dried filter paper in an aluminum dish =12.3478¢
Weight of dried filter paper in the aluminum dish and TSS from raw wastewater = 12.3534 g
Nonsettleable SS
Weight of dried filter paper in an aluminum dish =12.3480¢g
Weight of dried filter paper in the aluminum dish, and nonsettleable suspended solids = 12.3508 g
Settleable SS

Volume of settled SS in the Imhoff cone =10mL/L
TDS

Weight of dried petri dish =654711¢g

Weight of dried petri dish and filterable residue =65.5080 g
Solution

1. Calculate the concentration of TSS in raw wastewater sample, including settleable and nonsettleable SS.

(123534 — 12.3478)g  10°mg  10°mL
= X X

Concentration of TSS = 244mg/L
25mL g
2. Calculate the concentration of nonsettleable SS.
12.3508 — 12.3480 10° 10° mL
Concentration of nonsettleable SS = ( )& x— 08 T 1 mg/L
25mL g L
3. Determine the concentration of settleable SS.
Concentration of settleable SS = TSS — nonsettleable SS = (244 — 112) mg/L = 132 mg/L
4. Calculate the concentration of TDS.
65.5080 — 65.4711 10° 10°> mL
Concentration of TDS = ( )¢ X T8 738 mg/L

50 mL g L

5. Calculate the concentration of settled solids in the Imhoff cone.
Volume of settled SS in 1-L Imhoff cone = 10 mL/L

132mg/L  10°mL
C trati f solids in the sludge = ——"— = 13,200 mg/L
oncentration of solids in the sludge 10 mL/L X L mg/

EXAMPLE 5.4: SLUDGE QUANTITY AND PUMPING RATE

Municipal wastewater is settled in a primary sedimentation basin. The settled solids are pumped out inter-
mittently from the basin. The average wastewater flow to the basin is 0.25 m?/s. A constant speed sludge
pump runs 15 min per h of cycle time. The average pumping rate is 0.321 m>/min. The concentration of
total solids in raw and settled wastewater is 250 and 150 mg/L, respectively. The average solids content in
the sludge is 1.85%. Calculate the following: (a) total volume of wet sludge, (b) total quantity of settleable
solids in the sludge, (c) density and specific gravity of liquid sludge, and (d) the volumetric concentration
expected in the Imhoff cone.
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Solution
1. Calculate the volume of sludge pumped per day.
__ 15min _ 24h

Pump running time e 360 min/d
0.321m’? 360 mi
Total volume of wet sludge pumped = - Sl M 1 16m? /d
min

2. Calculate the quantity of settleable SS.

Concentration of settleable SS in wastewater = (250 — 150) mg/L = 100 mg/L

_025m® (60 x 60 x 24)s

Wastewater flow rate S d = 21,600 m3/ d
Quantity of settleable dry sludge = 100 mg/L X 8 21,600m’ /d x gt
ty I'y g - g 1 06 m g > 1’1’13

= 2160kg/d

3. Calculate the density and specific gravity of wet sludge.

100kg of wet sludge
1.85kg dry solids
= 117,000 kg/d wet sludge

Quantity of wet sludge = 2160kg/d dry solids x

1 17,000 kg/ d 3
Density of wet slud, =———">—=1010k
ensity of wet sludge T16m®/d g/m
1010 kg/m? slud
Specific gravity = 1010 kg/m” sludge =1.01
1000 kg/m?3 water
4. Calculate the expected volumetric concentration in the Imhoff cone.
10° mL
116 m’/d x —"
The volumetric concentration in the 1 — L Imhoffcone = IIIOS L= 5.4mL/L
21,600 m?/d x 5
m
5. Summarize the final results.
a. Total volume of wet sludge =116 m>/d
b. Total quantity of settleable solids in the sludge =2160kg/d
c. Density and specific gravity of wet sludge = 1010 kg/m’ and 1.01
d.  Volumetric concentration expected in Imhoffcone =54mL/L

EXAMPLE 5.5: DETERMINATION OF VOLATILE AND FIXED SOLIDS

Twenty-five milliliters of municipal wastewater sample was filtered through a dried preweighed glass-
fiber filter. The filter after filtration of solids was dried and weighed. Fifty milliliters of the sample was
evaporated in a preweighed petri dish. The dish was dried and weighed. Both the filter paper and the
dish were ignited in a muffle furnace for 15-20 min, cooled, and weighed. Determine (a) nonsettleable
SS, and fixed and volatile components, (b) filterable and nonfilterable solids, and fixed and volatile com-
ponents, and (c) dissolved or filterable solids, fixed and volatile components.
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The experimental values are given below:

Weight of dried filter paper in the aluminum dish =12.3469 g

Weight of aluminum dish, filter paper, and suspended solids after drying =123540¢g

Weight of aluminum dish and ash after ignition =12.3488¢g

Weight of ignited petri dish =653821¢g

Weight of petri dish, and total (filterable and nonfilterable) solids after drying = 65.4221 g

Weight of petri dish and ash after ignition =653920g
Solution

1. Determine the total suspended solids (TSS), fixed suspended solids (FSS), and volatile suspended solids

(VSS).
12.3540 — 12.3469 103 10° mL
Tss = ¢ Jg  107mg 10°mL ey mgL
25mL g
12.3488 — 12.3469 103 10> mL
Fgg = ¢ Jg M0mg 10°mL_ o e
25mL g 1L
12.3540 — 12.3488 10° 10° mL
vss = ¢ Jg 107mg 107 mL e gt

25mL g IL
2. Determine the total solids (TS), total fixed solids (TFS), and total volatile solids (TVS).

(65.4221 — 65.3821)g  10°mg  10°mL
= X X

TS = 800 mg/L
50 mL g IL
65.3920 — 65.3821 103 10° mL
TFs = ¢ Jg, 10°mg 10°mL_ o0 ot
50mL g L
65.4221 — 65.3920 103 10° mL
TVS:( )gx 8 n = 602 mg/L
50 mL g L

3. Determine the total dissolved or filterable solids (TDS), fixed dissolved solids (FDS), and volatile
dissolved solids (VDS).
TDS =TS — TSS = (800 — 284) mg/L =516 mg/L
Fixed dissolved solids (FDS) = TFS — FSS = (198 — 76) mg/L = 122 mg/L
Volatile dissolved solids (VDS) = TVS — VSS = (602 — 208) mg/L = 394 mg/L

EXAMPLE 5.6: BLOCK PRESENTATION OF SUSPENDED, DISSOLVED,
VOLATILE, AND FIXED SOLIDS

Draw a block diagram. Indicate the concentrations of volatile and fixed solids of suspended and dissolved
solids in typical municipal wastewater.

Solution

The block representation of various components of suspended and dissolved solids in municipal waste-
water are given in Figure 5.2. The typical values are given in parentheses.
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Total solids (TS)
400-1200 mg/L
(750)

Total suspended solids (TSS) Total dissolved solids (TDS)
150-400 mg/L 250-700 mg/L

(250) (500)
Settleable SS Nonsettleable SS Fixed (mineral) Volatile (organic)
90-260 mg/L 65-150 mg/L 100-300 mg/L 150-400 mg/L
(150) (100) (200) (300)
Fixed Volatile Fixed Volatile
(mineral) (organic) (mineral) (organic)
20-60 mg/L 70-200 mg/L 20-40 mg/L 45-110 mg/L
(40) (110) (25) (75)

FIGURE 5.2 Block representation of components of solids in municipal wastewater (Example 5.6).

5.3 Chemical Quality

The chemical quality of wastewater is expressed in terms of organic and inorganic constituents. The
organic components may be biodegradable, nonbiodegradable, or toxic. The inorganic constituents

may be essential, nonessential, or toxic. The concentration of many common chemical quality constituents
of municipal wastewater and their significance are summarized in Table 5.1. Brief discussion is provided
in several sections.

5.4 Measurement of Organic Matter and Organic Strength

Major components of organic matter in municipal wastewater are proteins, carbohydrates, and fats, which
are ~50%, 40%, and 10%, respectively. Proteins and carbohydrates are readily biodegradable. Fats are not
easily decomposed by bacteria. Many surfactants, phenolic, and refractory organic compounds resist
breakdown by biological means. The volatile organic compounds (VOCs) are emitted into the atmosphere,
which cause health risks and lead to formation of photochemical oxidants. Nonbiodegradable and toxic
organic compounds are presented in Section 5.4.8.

Most methods used for measurement of organic matter in wastewater are indirect measures or nonspe-
cific. Specific measurements are seldom necessary in wastewater characterization. Many specific methods
are presented in Section 5.4.7. Several nonspecific measurement methods are presented below.

5.4.1 Biochemical Oxygen Demand

Measurement: Most prevalent method of nonspecific measurement of organic strength of wastewater is
carbonaceous biochemical oxygen demand (CBOD) or simply BOD. The standard BOD test is defined as
the amount of oxygen utilized in 5 days and at 20°C by a mixed population of microorganisms under
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aerobic condition to stabilize the organic matter in the sample. It is mostly expressed as BODs. Basic infor-
mation about the BODj; test is summarized below.

1. The BOD test is conducted by placing a measured amount of wastewater sample in a 300-mL stan-
dard BOD bottle.

2. The remainder volume is filled with dilution water that contains the essential nutrients and is sat-
urated with dissolved oxygen.

3. Well-acclimated microbial seed may be necessary for industrial wastes. Municipal wastewater is
naturally well seeded and seeding is not needed.

4. The dissolved oxygen is measured initially and after incubation for 5 days at 20°C.

5. The BOD of wastewater is not a single point, rather a time-dependent variable. Also, biochemical
reaction rate varies with temperature. Therefore, 5-d incubation at 20°C has become a standard
practice. The microbial oxidation of organic matter and BOD relationships are expressed by Equa-
tions 5.2 through 5.4.

Heterotrophic organisms

Organic matter + O, CO; + biomass + energy (5.2)
D, — D
BOD;s = % (unseeded sample) (5.3)
D, —-D,)— (B —B
BODs :( ! 2) P( ! 2f (seeded sample) (5.4)
where
BODs = BODs concentration, mg/L

D, and D, = dissolved oxygen of diluted samples immediately after preparation, and after 5-d incuba-
tion at 20°C, mg/L

B, and B, = dissolved oxygen of seeded control before and after incubation, mg/L

f = ratio of seed in diluted sample to seed in control

P = decimal volumetric fraction of sample used in the bottle

Ultimate BOD and Reaction Rate Constant: BOD is a time-dependent variable. It follows a first-order
reaction rate, reaching an ultimate value in ~20 days. At this point, most of the biodegradable carbonaceous
organic matter is stabilized. The ultimate BOD (L,) is also called ultimate or total carbonaceous oxygen
demand, or first-stage BOD. For municipal wastewater, the 5-d BOD is 60-70% of ultimate BOD. The value
of reaction rate constant varies with type of waste. Typical value of reaction rate constant k (base e) for
municipal wastewater is 0.23 d™! (K [base 10] =0.1d7"). The range of k for industrial wastes may be
0.05-0.3 d7! (base e) (K= 0.02-0.13 d~* [base 10]). The reaction rate constant k is temperature dependent.
The time-dependent reaction rate equations are given below (Equations 5.5 through 5.7).*™

dL dL
— d—tt =kL, or -— d—tt = KL, (5.5)
Li=Lye™ or Li=Ly107X (5.6)
ye=1Lo(1 —e™) or y =Ly(1—107%) (5.7)
kT = k200$_20 or KT = Kzo@%_zo (58)
where
L, = BOD remaining at any time ¢, mg/L
Ly = ultimate carbonaceous BOD (or first-stage BOD) at t =0, mg/L. For municipal

wastewater, BODs = (2/3)L,
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e = BOD exerted at any time t, mg/L

k = reaction rate constant (base e), d'. For municipal wastewater, kyy = 0.2-0.3 d!
K = reaction rate constant (base 10), d~'. K =k/2.3

ke, ka0, K, Kyo = reaction rates at any temperature T and at 20°C

O = temperature correction coefficient, dimensionless. The value of 6 may be 1.03-1.09

depending upon wastewater characteristics, operating condition, and temperature
range. Typical value of 67 is 1.047.

Determination of Parameters k (or K) and L,: Several methods are available to determine k (or K) and
L, for given wastewater. In all cases, a BOD-time curve is prepared either by a series of BOD measurements
or by using a laboratory respirometer. Once the BOD time data is obtained, any of the following methods
can be used to determine k (or K) and Ly.>%®

o Thomas graphical method
o Least squares method
 Fujimoto method

e Method of moments

e Daily difference method

» Rapid-ratio method

Estimation of BOD; Exerted by Suspended and Dissolved Organic Matter: Organic matter exerts
oxygen demand. BODjs exerted by organic matter including biomass can be estimated from the biodegrad-
able fraction of the organic matter. Discussions on the related topics may be found in Chapter 10, Exam-
ples 10.7 through 10.11 and Example 10.70.

EXAMPLE 5.7: BOD DEFINITION

If a wastewater sample has BODs of 120 mg/L, what does it mean?

Solution

BODs of 120 mg/L means that microorganisms will consume under aerobic condition 120 mg
of oxygen in 5 days and at 20°C to stabilize the organic matter contained in 1 L of wastewater. The
oxygen consumed is therefore, an indirect measurement of organic content in the wastewater.

EXAMPLE 5.8: DO MEASUREMENT

Describe briefly the methods of DO measurement.

Solution

Analytical as well as electronic measurements of DO are commonly used.'

Analytical method is a modified Winkler procedure that involves sequential addition of manganese
sulfate and alkali-iodide-azide reagents, and concentrated sulfuric acid in a BOD bottle containing waste-
water sample. Complex series of reactions release an amount of iodine equivalent to the amount of oxygen
originally present. The liberated iodine is titrated with standard sodium thiosulfate solution, or the color
intensity is measured by an absorption spectrophotometer.

The electronic method utilizes membrane electrodes and is based on the rate of diffusion of molecular
oxygen across the membrane. The instrument gives direct DO reading.
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EXAMPLE 5.9: SOLUBILITY OF OXYGEN

List the factors on which the solubility of oxygen in water depends. Tabulate the solubility of oxygen in
fresh water at temperatures 0°C, 10°C, 20°C, 30°C, and 40°C.

Solution
The solubility of oxygen in water depends upon:
1. Temperature (lesser solubility at higher temperature)

2. Pressure (higher solubility at higher pressure)
3. Salt content (lesser solubility at higher salt content)

The saturation value of oxygen in distilled water at different temperatures is given in Table 5.2. Dis-
cussion on solubility of oxygen and other gases may be found in Chapter 10 and Appendix B.

TABLE 5.2 Solubility of Oxygen at Different
Temperatures in Distilled Water (Example 5.9)

Temperature, °C Solubility of Oxygen, mg/L
0 14.6
10 11.3
20 9.2
30 7.6
40 6.6

EXAMPLE 5.10: PURPOSES OF DILUTION WATER

What is the purpose of dilution water in a BOD test, and what does it contain?

Solution

The purpose of dilution water in BOD test is to dilute the wastewater sample in the BOD bottle. Without
dilution, the wastewater sample may deplete the oxygen in the bottle. As a result, after the incubation
period of 5 days there may not be sufficient oxygen left in the bottle to give a reliable result.

The dilution water is prepared from distilled water. The following chemicals are added: (1) phosphate
buffer, (2) magnesium sulfate, (3) calcium chloride, and (4) ferric chloride solutions. These chemicals pro-
vide needed nutrients for microbial growth. The dilution water is saturated with oxygen and free of
organic contaminants. Often microbial seed is added in the dilution water. Thus, the use of dilution water
(1) reduces the sample volume in the BOD bottles, (2) increases the available dissolved oxygen, (3) pro-
vides needed nutrients, and (4) with seed, provides microbial population.

EXAMPLE 5.11: PREPARATION OF DILUTION CHART

A sample was diluted into a 300-mL BOD bottle. The volume of sample depended upon the expected
BODs of the sample. The selected volume is expected to cause a DO depletion of at least 2 mg/L or
give a residual DO of at least 1 mg/L. Prepare a dilution table that has range of BOD for different dilutions
expressed as mL in 300-mL BOD bottle and percent volume. Assume that the initial DO of all dilutions is
8.5 mg/L.

Volume 1: Principles and Basic Treatment
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Solution

1. Set up range of BOD for a given dilution.
a. Minimum value of BODs range is obtained when DO depletion is at least 2 mg/L, or DO
remaining after 5 days = (8.5 — 2.0) mg/L = 6.5 mg/L.

(8.5—6.5)mg/L.  2mg/L
p P

Minimum BODjs value =

b. Maximum value of BOD; range is obtained when minimum DO remaining after 5 days = 1 mg/L.
(8.5—1)mg/L.  7.5mg/L

P P
2. Prepare a table with different values of P and mL sample used in 300-mL BOD bottle (Table 5.3).

Maximum BODjs value =

TABLE 5.3 BOD Dilution Chart for Different Range of Values (Example 5.11)

Sample Volume in

% Mixture P 300 mL Bottle, mL BODs Range, mg/L
0.01 0.0001% 0.03° 20,000-75,000°
0.05 0.0005 0.15 4000-15,000
0.10 0.001 0.30 2000-7500
0.20 0.002 0.60 1000-3700
0.50 0.005 1.50 400-1500
1.00 0.01 3.00 200-750
5.00 0.05 15.00 40-150

10.00 0.1 30.00 20-75
50.00 0.5 150.00 4-15
100.00 1 300.00 0-7

2 For 0.01% mixture, P = 0.0001.
©0.0001 x 300 mL = 0.03 mL

. 2 mg/L
Min BODs5 = = 20,000 mg/L; and Max BODs; =

7.5mg/L
r;g/ = 75,000 mg/L

EXAMPLE 5.12: SINGLE DILUTION BOD TEST WITHOUT SEED

Five milliliters of a municipal wastewater sample was placed in a 300-mL BOD bottle. No seeding was
needed. The BOD bottle was filled with dilution water that was free of organic matter, saturated with oxy-
gen, and contained necessary nutrients. The initial DO in the diluted sample was 8.6 mg/L, and DO after
incubation for 5 days at 20°C was 4.2 mg/L. Calculate BODs.

Solution

1. Select the applicable equation for calculation of BODs.
Since the sample is not seeded, use Equation 5.3.
D, - D,
P
2. Calculate decimal volumetric fraction of sample.

5mL
P=—=10.01667
300 mL

BODs =
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3. Calculate BOD;s from Equation 5.3.

_ (8.6 —4.2)mg/L

BOD: = — 264 mg/L
: 0.01667 mg/

EXAMPLE 5.13: MULTIPLE DILUTION BOD TEST DATA WITHOUT SEED

Replicate BODjs tests were run on a municipal wastewater sample. Four sample dilutions were prepared
without seeding. The results of measured DO in the initial and 5-d incubated dilution bottles are summa-
rized below. Determine the average BODs.

DO after 5-days

Bottle No. Sanlljzleedvrizme Imtla:nD?L(Dl)’ Incubation at 20°C
’ & (D,), mg/L
1 1 8.9 8.1
2 4 8.8 55
3 6 8.8 3.8
4 10 8.7 0.7
Solution
1. Calculate BODs from each dilution from Equation 5.3.
D, - D
BODs = =+ 2
P
2. Set up the calculation table below.
Sample Volume DO Depletion Calculated BODs,
Bottle No. Used, mL P (D; — D,), mg/L mg/L
1 1 0.0033 0.8 242
2 4 0.0133 33 248
3 6 0.020 5.0 250
4 10 0.033 8.0 240

3. Select the BODs results for averaging.
a. In multiple dilution test, the dilution showing a residual DO of at least 1 mg/L, and a DO
depletion of at least 2 mg/L provide most reliable result.
b. The results show that dilution bottle 1 has DO depletion of 0.8 mg/L (< 2 mg/L), and dilution
bottle 4 has residual DO of 0.7 mg/L (<1 mg/L). Therefore, both results should not be used.
c. The average results of dilution bottles 2 and 3 should be used (the DO depletion is >2 mg/L
and residual DO is >1 mg/L).
4. Determine the average BOD:s.
The average BODs is 249 mg/L (the average values of dilution bottles 2 and 3).

EXAMPLE 5.14: BOD; DETERMINATION WITH SEED

An industrial wastewater sample was tested for BODs. The sample dilutions were seeded with a well-
acclimated bacterial culture. The dilution procedure and test results are provided below. Calculate
BOD; at 20°C.
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Volume of Volume of DO Initial, DO afte.r A
Bottle No. Sample. mL Seed. mL i Incubation at
pie, > & 20°C, mg/L
1 2 1 8.8 -
2 2 1 - 43
3? 0 0.8 8.9 -
4* 0 0.8 - 8.7

 Seeded control.

Solution

1. Select the applicable equation for calculation of BODs.
Since the sample is seeded, use Equation 5.4.

(D1 — Dy) — (B — By)f

BOD5 = P

2. Determine the variables in Equation 5.4 from the experimental data.
D, =8.8mg/L, D, =4.3mg/L, B; =89 mg/L, B, =8.7mg/L

1 mL
= =1.25
0.8 mL
2mL
P = = 0.00667
300 mL

3. Calculate BODs from Equation 5.4.

(8.8 —4.3) mg/L — (8.9 — 8.7) mg/L x 1.25 (4.5 — 0.25) mg/L

BOD;s = -
> 0.00667 0.00667

= 637 mg/L

EXAMPLE 5.15: DETERMINATION OF FIRST-ORDER REACTION KINETIC
COEFFICIENTS

Develop the BOD remaining and BOD exerted relationship with respect to reaction rate constant and
ultimate BOD.

Solution

1. Formulate the first-order reaction equation.
The first-order reaction is expressed by Equation 5.5.

2. Develop the relationship between L, (BOD remaining at any time f, mg/L) and L, (initial BOD at t = 0,
mg/L).
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Integrate Equation 5.5 to obtain the relationship.

I '
J %:_kj dt
1, Lt 0

InLy|} = —kt[}

L= Loe ™™

Volume 1: Principles and Basic Treatment

Note: This equation is same as that expressed by Equation 3.16c.

3. Develop the relationship between y, (BOD exerted at time f, mg/L) and Ly.

yr=Lo— Ly =Ly — Loe™™ = Lo(1 — &™)

Similarly, y; = Lo(1 — 1075)

4. Plot y, and L, with respect to time ¢.
The BOD exerted (y,) and BOD remaining (L,) relationships with respect to time t are shown in

Figure 5.3.

L, = Ly

FIGURE 5.3 Time-dependent BOD remaining and BOD exerted curves (Example 5.15).

EXAMPLE 5.16: ULTIMATE CARBONACEOUS BOD

The 5-day BOD of a sample at 20°C is 180 mg/L. Calculate the ultimate carbonaceous BOD. The reaction
rate constant k (base e) at 20°C=0.25d "

Solution

1. Select the reaction rate equation.

The ultimate BOD is calculated from Equation 5.7.

yo=Lo(1 —e™™)
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2. Substitute ys = 180 mg/L, k=0.25d"", and t = 5 d in Equation 5.7 and calculate L.

180 mg/L = Lo(1 — e 024 %54y = 1,(1 — ¢7125) = Ly(1 — 0.287) = 0.713L,

_ 180mg/L

_ = 252 mg/L
0= 0713 mg/

EXAMPLE 5.17: RELATIONSHIP BETWEEN k AND K

What is the relationship between the reaction rate constant k (base e) and K (base 10)?

Solution

1. Select the reaction rate equation.
Use Equation 5.7.

ye = Lo(1 — e™*)

y=Lo(1 —1075)
2. Equate the two equations and solve for Equation 5.9.

Lo(1 — ™) = Lo(1 — 107X)

ekt =108
In(e™) = In(107%)
— kt = —Kt1n (10)

k=KIn(10)=23K or K=043k

EXAMPLE 5.18: RATIO OF 5-DAY BOD AND ULTIMATE BOD

What percent of BOD reaction is completed in 5-d BOD test? Assume reaction rate k = 0.23 d .

Solution

1. Select the reaction rate equation.
Use Equation 5.7.

i = Ly(1 — e_kt)

2. Substitute y5s = BODs, k=0.23d™", and t = 5 d in Equation 5.7.

BOD;s = Lo(1 — e *% ¢ >5) = (1 — ¢715) = Ly(1 — 0.32) = 0.68L,

BOD;

= 0.68
Lo

BOD:; is 68% of the ultimate BOD (or BODs = (2/3)L).

5-17

(5.9
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EXAMPLE 5.19: BOD REMAINING AND BOD EXERTED CURVES

A wastewater sample has a BODs of 120 mg/L. Draw the BOD remaining (L,) and BOD exerted (y)
curves (mg/L and %) with respect to time. The reaction rate constant (base e) is 0.22 dn

Solution

1. Select the reaction rate equation.
BOD remaining (L,) is expressed by Equation 5.6.

Li=Lye ™
BOD exerted (y,) is expressed by Equation 5.7.
Y = Lo(1 — eikt)

2. Calculate the ultimate BOD.
Substitute the data in Equation 5.7 and calculate L.

120 mg/L = Lo(1 — e 024 %5y — 1,1 — e11) = Ly(1 — 0.333) = 0.667L,

_ 120 mg/L

_ — 180 mg/L
0= 70,667 meg/

3. Calculate the BOD remaining values.
Select serial incubation periods of t=1, 2, ..., 12 days and calculate BOD remaining L, from
Equation 5.6. Tabulate L, for t= 1-12 days in Table 5.4, Row 1. Calculate percent BOD remaining
for t = 1-12 days and provide in Table 5.4, Row 2.

TABLE 5.4 BOD Remaining and Exerted Data over a 12-d Time Period (Example 5.19)

Incubation Period (t), d

Parameter
0 1 2 3 4 5 6 7 8 9 10 11 12

BOD remaining (L), mg/L 180 144 116 93 75 60 48 39 31 25 20 16 13
BOD remaining (L), % 100% 80% 64% 52% 27% 21% 17% 14% 11% 9% 7%
BOD exerted (y,), mg/L 0.0 36 64 87 105 120 132 141 149 155 160 164 167

Volume 1: Principles and Basic Treatment

BOD exerted (yy), % 0% 20% 35% 48% 59% 67% 73% 79% 83% 86% 89% 91% 93%
@ 200 (®) 100% |
BOD remaining /”’0
BOD remaining —— 80% A
150 | ol
= 5 /
& / 5 60%
A 100 A =
e 8 0% /
), =)
50
20%
BO|D exerlted BOD exerted
0 0% L1

0 2 4 6 8 10 12 14
Time, days
—&— BOD remaining === BOD exerted

0 2 4 6 8 10 12 14
Time, days
—#— BOD remaining === BOD exerted

FIGURE 5.4 BOD exerted and remaining concentrations: (a) concentrations in mg/L and (b) concentrations

in percent of L, (Example 5.19).
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4. Calculated BOD exerted values.

Use the same serial incubation periods and calculate BOD exerted y, from Equation 5.7 for t = 1-12
days. Also, calculate percent BOD exerted for t=1-12 days. Arrange the calculation results in
Table 5.4, Rows 3 and 4.

It may be noted that the sum of BOD remaining and exerted values are 180 mg/L or 100% at any
time ¢ during the time periods.

5. Prepare BOD remaining and exerted curves.

Plot BOD exerted (mg/L) and BOD remaining (mg/L) versus incubation period. These plots are
shown in Figure 5.4a. Plot percent BOD exerted and BOD remaining versus incubation period. These
plots are shown in Figure 5.4b.

EXAMPLE 5.20: BOD CALCULATION AT DIFFERENT TIMES AND
TEMPERATURES

The 7-d BOD of a sample at 22°C is 80 mg/L. Calculate (a) Ultimate BOD, and (b) 5-d BOD at 20°C.
The reaction rate constant k (base ) = 0.23 d ™! at 20°C. Use the typical value of 6= 1.047.

Solution

1. Calculate the reaction rate constant k at 22°C from Equation 5.8.
kyy = ko027 = 0.23d7" x (1.047)%7) = 0.25d "
2. Calculate the ultimate BOD from Equation 5.7.
80mg/L = Lo(1 — e 254 7d) = [y(1 — 717%) = Lo(1 — 0.174) = 0.826L,

_ 80mg/L
° ™ 70.826

= 96.8 mg/L

3. Calculate the BOD; concentration at 20°C.

BOD; = 96.8mg/L x (1 —e 24" *5) = 96 8mg/L x (1 —¢~'%) = 96.8 mg/L x 0.683 = 66.1 mg/L

EXAMPLE 5.21: BOD CURVE AT DIFFERENT TIMES AND TEMPERATURES
Draw the BOD remaining and BOD exerted curves at temperatures 10, 20, and 30°C. The 5-d BOD is
120 mg/L and k at 20°C is 0.23 d™". Use the typical value of 7= 1.047.

Solution

1. Determine the ultimate BOD by substituting the given values of BODs and k;, in Equation 5.6.

120 mg/L = Lo(1 — e 024 %54y — [,(1 — ¢7115) = [(1 — 0.317) = 0.683L,
120 mg/L
== % 176mg/L
0= 70,683 mg/
2. Calculate kr at T=10 and 30°C from Equation 5.8.
kio = kyo6772 = 0.23d7! x (1.047)1°720 = 0.15d "
kso = k0272 = 0.23d7" x (1.047)%°7% = 0.36d "

3. Develop the BOD curves at different times.
Calculate BOD from Equation 5.7 at different time intervals, using kt at temperatures 10°C, 20°C,
and 30°C. These values are summarized in Table 5.5.
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TABLE 5.5 BOD Values at Different Times and at 10°C,
20°C, and 30°C (Example 5.21)

BOD, °C

t,d
10 20 30
2 46 65 90
4 79 106 134
6 104 131 155
8 123 148 166
10 136 158 171
12 147 164 173
14 154 169 174
16 160 171 175
18 164 173 175
20 167 174 175

4. Plot the BOD curves at 10°C, 20°C, and 30°C.
Plot the BOD values using kr for temperatures 10°C, 20°C, and 30°C and at different time
intervals. This plot is shown in Figure 5.5. It may be noted that all curves converge at ultimate
BOD of 176 mg/L.

200
30° ;—zj:‘=‘=—lg

150 '% //
gl o

i

—_
(=}
(=}

BOD, mg/L

2
(=] o

FIGURE 5.5 BOD curves at different times and temperatures (Example 5.21).

EXAMPLE 5.22: DETERMINATION OF REACTION RATE CONSTANT k,
AND ULTIMATE CARBONACEOUS BOD, L,

The BOD test results of an industrial wastewater are given below. Calculate k (base e) and L, using
the following methods, (a) Thomas, (b) Least squares, and (c) Fujimoto methods.>>° Compare the
results.

t,d 0 2 4 6 8 10
BOD, mg/L 0 86 138 175 193 210
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Solution
A. Thomas Method.
1. Review the procedure.

In Thomas method, a best-fit straight line is drawn between (¢/ yt)l/ 3 and time t. The k and L, are
calculated using Equations 5.10 and 5.11.

S
K(base 10) = 2.61; (5.10)
Ly = L or Ly= L (5.11)
0T 23KP e '
where
S = slope

I = intercept

2. Calculate the values of (t/ yt)l/ 3 with respect to time (&).

t,d 0 2 4 6 8 10
t/y - 0.023 0.029 0.034 0.041 0.048
(t/y)'"? = 0.29 0.31 0.32 0.35 0.36

3. Plot the values of (t/ yt)l/ 3 versus t in Figure 5.6.

0.5

0.4 (t/y)"3= 0.0096 £ + 0.267

e
—

@ 0.3 ————
g
=02

0.1

0
0 2 4 6 8 10 12
td

FIGURE 5.6 Linear plot for determination of k and L, by Thomas method (Example 5.22).

4. Determine the slope S and intercept I.
Slope S =0.0096

Intercept I = 0.267

5. Calculate k (base e).
Calculate K (base 10) from Equation 5.10.
0.0096
0.267
Calculate k (base e) from Equation 5.9.

s L
K= 2.61; = 2.61 x = 0.0938d

k=23K =23 x0.0938 = 0.22d "
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6. Calculate L.
Calculate L, from Equation 5.11.
1 1
T kP 022 x(0.267)°
B. Least Squares Method.
1. Review the procedure.

Ly = 239mg/L

The least squares method involves fitting a curve through a set of data points, so that the sum of
the squares and the residuals are minimal. The residuals are the differences between the observed
value and the value of the fitted curve. The general relationships are expressed by Equations 5.12
and 5.13.

na+by y—y y =0 (5.12)
ay y+bY Y=Yy =0 (5.13)

where
y =BOD, mg/L
n = number of observations
y = (dy/dx) = (yn+1 — yn_1)/2 X At
a =—bl,
k (base ) = —b
At = time interval, d

Summarize the given values and calculate various values in a summary table below.

t,d 0 2 4 6 8 10 >
y 0 86 138 175 193 210 3y =592°
e = 7396 19,044 30,625 37,249 = > y* =94314
¥ = 345 22.3° 13.8¢ 8.75° = Sy =793
§4 - 2967 3071 2406 1689 - Sy =10,133
 Does not include y;o =210 mg/L.
b, 138-0
= = 34.5.
2x2
c 175 — 86 — 3.
2x2
ay 193138 .o
2x2
y— 20175 _ o,
2x2

2. Substitute the values in Equations 5.12 and 5.13.
4a+4+592b—793=0

592 a + 94,314 b — 10,133 =0
3. Solve for a and b.

a+148b—198=0

a+159b—17.1=0
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b=-0.24
4a=793— 592 x (—0.24)
a=>553
4. Determine k, L.
k=— (—024)=024d7"

553 = — (—0.24) L,

Ly=230mg/L

C. Fujimoto Method.
1. Review the procedure.

The method involves preparation of an arithmetic plot of BOD,,; versus BOD,. The value at
intersection of the line with the slope of unity corresponds to L,. The value of k is calculated using
Equation 5.7 and any pair of BOD and ¢ values given in the data set.”

2. Plot the linear relationship between BOD ,,; and BOD, (Figure 5.7).
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\
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\e}
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BOD,,, = 0.65 BOD, + 82.8

z

e

[\
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(=]
\
\

BOD,,;, mg/L
I
S
\
\
\

—
S\ (=)
S S
\ \
\
\

0 50 100 150 200 250 300
BOD, mg/L  Lo=237 mg/L

(=

FIGURE 5.7 Linear plot for determination of k and L, by Fujimoto method (Example 5.22).

3. Determine the values of L.
L, is obtained from the intersection in Figure 5.6. Ly = 237 mg/L
4. Determine the value of k.
k is calculated from the given data. In this example, only the BOD of 175 mg/L at the sixth day
(t=64d) is used. Substitute this value and L, = 237 mg/L in Equation 5.7, and calculate k.

175 mg/L = 237 mg/L x (1 — e %*¢9)
k=022d""

A desirable procedure is to calculate k from several data points and use the average value.
5. Compare the values of k and L, obtained from three methods.
The values of k and L, calculated from three methods are compared below.

Method kd! Lo, mg/L
Thomas 0.22 239
Least square 0.24 230

Fujimoto 0.22 237
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EXAMPLE 5.23: SOLUBLE AND SUSPENDED BOD5 IN PLANT EFFLUENT

An activated sludge plant is producing effluent that has TSS and total BOD5 concentrations of 10 and 15
mg/L, respectively. Calculate suspended and soluble BODs in the effluent. Assume (a) biodegradable frac-
tion in TSS is 0.65, (b) each g of biodegradable fraction of organic matter exerts 1.42 g ultimate BOD (L,),
and (c) ratio of BODj to L is 0.68.

Solution

1. Calculate the BODs exerted by TSS.
Biodegradable solids in TSS =10 mg/L TSS x 0.65 g biodegradable solid/g TSS
= 6.5 mg/L biodegradable solids

Ultimate BOD, L, = 6.5 mg/L biodegradable solids x 1.42 gL,/g biodegradable solids
=9.23mg/L-Ly
BODs exerted by TSS =9.23mg/L-L, x 0.68 g BODs/gL, = 6.3 mg/L BOD;
2. Determine the suspended and soluble BODs in the effluent.
Suspended BODs =6.3mg/L
Soluble BOD5 = 15mg/L total BOD5 — 6.3 mg/L suspended BOD5
=8.7mg/L

EXAMPLE 5.24: BOD; EXERTED BY WASTE ACTIVATED SLUDGE

An anaerobic digester receives 1200 kg/d waste activated sludge (TSS). Calculate BODs (kg/d) reaching
the digester. Use the following information.

Biodegradable solids = 0.64 x Biomass

Ultimate BOD, L, = 1.42 x Biodegradable solids
BOD5 =0.68 LO
Solution

Biodegradable solids reaching the digester =0.64 x 1200 kg/d =768 kg/d
Ultimate BOD, L, reaching the digester ~=1.42 x 768 kg/d = 1091 kg/d
BOD;s reaching the digester =0.68 x 1091 kg/d =742 kg/d

5.4.2 Nitrogenous Oxygen Demand

Nitrogen and phosphorus are nutrients required for growth of living systems. The sources of these nutri-
ents in wastewater are proteins, amino acids, and urea. Nitrogen exists in various states: organic, ammonia,
nitrite, and nitrate nitrogen. Microorganisms bring about these conversions as expressed by Equations
5.14 through 5.16.

Heterotrophes

Proteins (or organic nitrogen) —— > NH; + H,0 (5.14)
3 Nitrosomonas

NH; + EOZ — > HNO, + H,0 (5.15)

Nitrobacter

1
HNO,; + 502 — > HNO; (5.16)

The oxygen required for oxidation of ammonia to nitrite and then to nitrate is called nitrogenous
biochemical oxygen demand (NBOD), simply nitrogenous oxygen demand (NOD), or second-stage
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FIGURE 5.8 Typical BOD curve for domestic wastewater showing carbonaceous and nitrogenous oxygen
demands.

BOD. In a BOD bottle, nitrification normally starts after 6 to 10 days. Nitrification may start much earlier if
the population of nitrifies is initially high. This will cause serious interference with the BOD test. Many
inhibitory chemicals are added in the BOD bottle to suppress the nitrification reaction.””'® A typical
BOD curve with nitrification reaction is shown in Figure 5.8. The ultimate oxygen demand (UOD) is

the total oxygen demand due to carbonaceous BOD (L,) and nitrogenous BOD (Ly). This is expressed
by Equation 5.17.

UOD = Lo + L (5.17)
where

UOD = ultimate oxygen demand, mg/L

Ly, = ultimate carbonaceous oxygen demand, or first-stage BOD, mg/L

Ly = ultimate nitrogenous oxygen demand, or second-stage BOD, mg/L

EXAMPLE 5.25: CARBONACEOUS AND NITROGENOUS OXYGEN DEMAND

An organic waste sample has molecular formula CsH,O,N. Its concentration in a waste stream is 250
mg/L. Calculate carbonaceous, nitrogenous, and ultimate oxygen demands in mg/L.

Solution
1. Write the balanced reaction for carbonaceous oxygen demand.
C5H702N +5 02 — NH3 +5 C02 aF 2 Hzo

2. Calculate the molecular weight of the waste material.

CH;O,N=(5x124+7x 142 x 16+ 1 x 14) g/mole = 113 g/mole waste
3. Calculate the ultimate carbonaceous oxygen demand (L,).

5 mole O, 32g0, mole waste
= X
™ mole waste  mole O, 113 g waste

x 250 mg/L waste = 354 mg/LO,
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4. Write the balanced reactions for nitrogenous oxygen demand.

3
NH; + EOZ — HNO, + H,0

1
HN02 - EOZ = HNO3

NH3 + 202 — HNO3 A HzO
5. Calculate the ultimate nitrogenous oxygen demand (Ly).

2mole O, 32g O, mole waste

N x 250 mg/L waste = 142 mg/L O,

~ mole waste . mole O, 113g waste

6. Calculate the ultimate oxygen demand UOD.
UOD = (354 + 142) mg/L = 496 mg/L

EXAMPLE 5.26: GENERAL UOD EQUATION FOR MUNICIPAL WASTEWATER
The UOD of a wastewater is expressed by Equation 5.18a. Calculate the values of constants A and B.
The reaction rate constant k (base €) is 0.23 d™ .

UOD = A(BODs) + B(NH;-N) (5.18a)

Solution
1. Determine the value of constant A.
Carbonaceous oxygen demand, Lo =A (BODs) or A = L,/BODs
Use Equation 5.7.
e = Lo(1 — e_kt)
Substitute ys = BODs, k = 0.23 d™, and t =5 d in Equation 5.7.

BODs = Lo (1 — 79234 5d) — 10(1 — ¢7115) = [ (1 — 0.32) = 0.68 L,

Lo 1
A = —15g0,/g BOD
BOD; _ 0.68 g 02/ BOD;

2. Determine the value of constant B.
Nitrogenous oxygen demand, Ly = B (NH3-N) or B= Ly/NH;-N

NH; + 202 — HNO3 ar Hzo

_ Lxn 2x32g0;/mole
" NH;-N 14 g NH;-N/mole

Ly = 4.57 (NH;-N) (5.18¢)

3. Express the generalized UOD equation for municipal wastewater.
The generalized equation is expressed in Equation 5.18d.

UOD = 1.5 (BODs) + 4.57 (NH;-N) (5.18d)
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EXAMPLE 5.27: UOD OF MUNICIPAL WASTEWATER

The BODs and NH;-N concentrations in a municipal wastewater are 210 and 30 mg/L, respectively.
Determine UOD.

Solution
The UOD of municipal wastewater is calculated from Equation 5.18d.
UOD =1.5(BODs) +4.57 (NH3-N) = 1.5 x 210 mg/L 4 4.57 x 30 mg/L = (315+ 137) mg/L =452 mg/L

EXAMPLE 5.28: INTERFERENCE OF NITRIFICATION IN BOD;5 TEST

The electrolytic respirometer test data on an industrial wastewater sample at 20°C are given in Figure 5.9.
Determine (a) Lo, and k for carbonaceous BOD, and BOD5, and (b) ultimate nitrogenous oxygen
demand L,,, and UOD.

) <L Combined carbonaceous and

B nitrogeneous oxygen demand 234 | 241 |243 [244
g 240 PRI — =
H Nog-

S 180 %

E 1200
S 120 e

g 33_/'

:<>13 60 = 56
@) . 0 Carbonaceous oxygen demand

0 1 2 3 4 5 6 7 8 9 10
Time, d

FIGURE 5.9 Respirometer test results showing nitrification from the third day (Examples 5.28 and 5.29).

Solution

1. Review of respirometer test data.

As shown in Figure 5.9, the respirometer test results clearly indicate that the first-order carbona-
ceous BOD curve (portion as solid line). However, there was serious interference due to nitrification
from the third day (portion as dash line). The reaction rate constants and ultimate oxygen demands
values for carbonaceous and nitrogenous oxygen are developed using these two portions of the curve.

2. Tabulate the oxygen demand data within the first 3 days.
Tabulate 0-3-d carbonaceous oxygen demand values at 0.5-d intervals.

s firamatian T Tz, (7 Carbonaceous Oxygen Demand (),

mg/L
0 0
0.5 30
1 56
1.5 78
2 94
2.5 108

3 120
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3. Plot the carbonaceous oxygen demand (y) data.
Use Fujimoto method to draw a line between y, and y,,; values. Also, draw a line with slope =1
from the origin in Figure 5.10.

250
200 =
Y, =081y, +317 AT
—
% 150 g
E ,/ ]
2 ,/ ]
< 100 /,,r, :
//, '
50 /l.// - :
e ! L =167 mg/L
ok=” vy o
0 50 100 150 200 250

Yp mg/L

FIGURE 5.10 Determination of k and L, for carbonaceous oxygen demand (Example 5.28).

4. Determine L, and k for carbonaceous oxygen demand, and BODs.
Ly from Figure 5.10 is 167 mg/L.
Use Equation 5.7.

¥, = Lo(1 — e )

Use the third day oxygen demand value to calculate k. Substitute y; =120 mg/L and t=3d in
Equation 5.7 and solve for k.

120 mg/L = 167 mg/L x (1 — e 39)
k=0424d7"

BOD; = 167 mg/L x (1 — e "¢ ¥5d) — 147 mg/L

The BODs and L, are illustrated in Figure 5.11.
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FIGURE 5.11 Illustration of carbonaceous and nitrogenous oxygen demands with BODs, Ly, Ly, and UOD
(Example 5.28 and 5.29).
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5. Tabulate the oxygen demand data beyond 3 days.
Tabulate the combined carbonaceous and nitrogenous oxygen demand beyond 3 days. Shift origin
to day 3 and tabulate oxygen demand data at 1-day intervals.

Combined Carbonaceous and Nitrogenous

Time, day Oxygen Demand, mg/L
Dur;ii:tn ot Beyond 3 Days Overall (y) Beyond 120 mg/L (/)

3 3—-3=0 120 120 - 120=0

4 4—-3=1 190 190 — 120 =70
5 5-3=2 220 220 — 120 =100
6 6—-3=3 234 234 —-120=114
7 7—-3=4 241 241 — 120 =121
8 8§—-3=5 243 243 —120=123
9 9—-3=6 244 244 —120=124

6. Plot combined carbonaceous and nitrogenous oxygen demand (y') data.
Use Fujimoto method to draw a line between y/ and y'; values from the shifted origin, and a line
with slope =1 in Figure 5.12.

150

”
., =046y, +68.3 /;"‘?/
/ ”

=
o
S
A
\

Vi mg/L
\
\
\

S\
(=)
\

\
REEESS S Sl

@ Ly =126 mg/L

0 25 50 75 100 125 150
¥}, mg/L

FIGURE 5.12 Determination of k" and L'y for combined carbonaceous and nitrogenous oxygen demand
(Example 5.28).

7. Determine L'y and k' for combined carbonaceous and nitrogenous oxygen demand beyond 120 mg/L.
From Figure 5.12, L'y = 126 mg/L.
Use Equation 5.7.
Y= Lo(1 — e )

Use the third day oxygen demand value (y/5) to calculate k', which is the reaction rate constant
for combined nitrification, and carbonaceous oxygen demand beyond 120 mg/L. This will be the
sixth day of the respirometric data, and is 114 mg/L.

Substitute y'; = 114 mg/L and t =3 d in Equation 5.7 and solve for k'.

114mg/L = 126 mg/L x (1 — e ¥*34)
K =0.78d7"
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8. Determine the ultimate nitrogenous oxygen demand Ly and UOD.
L'y includes the combined nitrogenous and carbonaceous oxygen demands beyond the first 3 days.
Therefore,

Ly = (120 + L'y) — Lo = (120 + 126 — 167) mg/L = 79 mg/L
UOD = Ly + Ly = (167 + 79) mg/L = 246 mg/L

The Ly and UOD are also illustrated in Figure 5.11.

EXAMPLE 5.29: CARBONACEOUS AND NITROGENOUS OXYGEN DEMANDS
ON A GIVEN DAY

Calculate BOD; and nitrogenous oxygen demand exerted on the fifth day (NODs) for the waste sample
presented in Example 5.28. Use the reaction rate constants, and ultimate carbonaceous oxygen demand
and nitrogenous oxygen demand values developed in Example 5.28.

Solution

1. Calculate BODs.
Substitute Ly = 167 mg/L, k = 0.42 d L and t=5d in Equation 5.7 to calculation BOD:s.

BODs = 167 mg/L x (1 — e 24" ¥5d) — 147 mg/L,

2. Calculate NODs.
Calculate the combined carbonaceous and nitrogenous oxygen demands exerted beyond 120 mg/L
between the third and the fifth days (t = 2 d) from Equation 5.7 using L'y = 126 mg/L and kK = 0.78 .

y, =126 mg/L x (1 — ¢ 784 24) — 100 mg/L
NOD; = y, — (BODs — y;) = 100 mg/L — (147 mg/L — 120 mg/L) = 73 mg/L

The BODs and NODjs as well as the parameters used in the above calculation are also illustrated in
Figure 5.11.

5.4.3 Chemical Oxygen Demand

Chemical oxygen demand (COD) represents the amount of oxygen required to oxidize the organic matter
by a strong oxidizing chemical in acid solution. There is generally a linear relationship between COD and
BODs results. This relationship depends entirely on the composition of the wastewater. Standard potas-
sium dichromate and potassium permanganate oxidation tests are in common use.

Standard Dichromate Oxidation: This test is performed by digesting for 2 h a measured sample. The
digestion reagent contains a known excess potassium dichromate (K,Cr,0;) solution and sulfuric acid.
The organic matter is oxidized and potassium dichromate is reduced. The remaining potassium dichro-
mate is titrated with standard ferrous ammonium sulfate (Fe(NH,), - (SO,4),-6H,0) reagent (FAS).MM
Additional information on COD consumption and biomass growth may be found in Chapter 10, Exam-
ples 10.7 through 10.11, and 10.70.

Permanganate Oxidation: This test measures the easily oxidizable organic matter. The wastewater
sample is oxidized for 10 min with excess potassium permanganate (KMnQ,) in a basic solution. The
excess KMnO, is neutralized by excess ferrous ammonium sulfate solution. The excess ferrous ammonium
sulfate is then titrated with KMnO, solution until pink color returns.
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EXAMPLE 5.30: COD DETERMINATION

COD test was conducted on a wastewater sample. Ten milliliters sample, 6-mL potassium dichromate sol-
ution, and 14 mL of sulfuric acid digestion reagent were mixed in a flask. A blank was prepared with 10 mL
distilled water, and all other reagents in same amounts as in the sample. The sample and blank flasks were
refluxed for 2 h. After cooling to room temperature, the prepared samples were titrated with 0.1 M ferrous
ammonium sulfate (FAS) titrant using ferroin indicator. The endpoint was reached by sharp color
change from blue-green to reddish brown. Amounts of FAS standard used for blank and sample were
9.1 and 3.8 mL. Determine the COD of the sample in mg/L.

Solution
1. Use Equation 5.19 to calculate COD.

_ (A—B) x M x 8g O,/mole FAS x 10’ mg/g
B v

COD (5.19)

where
COD = COD concentration in the sample (mg-O,/L)
A and B = volume of FAS used for blank and sample (mL)
M = molarity of FAS (mole/L)
\%4 = sample volume (mL)

2. Calculate COD.

(9.1 — 3.8) mL x 0.1 mole/L FAS x 8 gO,/mole FAS x 10°> mg/g

COD =
10 mL sample

= 424 mg/L

EXAMPLE 5.31: RELATIONSHIP BETWEEN COD AND BOD; OF RAW
MUNICIPAL WASTEWATER

BOD;s and COD tests were conducted on 10 samples of same raw wastewater obtained on different days.
The results are summarized below. Determine the COD/BODs ratio and comment on result.

BODs, mg/L 191 135 140 120 229 193 150 102 238 212
COD, mg/L 418 298 309 266 499 422 330 228 518 462
Solution

1. Plot the data.
Plot the COD versus BODs values in Figure 5.13.
2. Develop the relationship.
The slope and intercept of the linear relationship are obtained.

Slope or cOb
P Or | BoDs

The linear relationship is expressed by the following equation:

COD = 2.13 BODs + 10.1

ratio) = 2.13 and intercept = 10.1 mg/L

Correlation ratio, 7> = 1
3. Comments on the result.
In raw wastewater, a significant portion of organic matter is biodegradable. The ratio of COD to
BOD:s is slightly >2. Also, at BODs = 0 mg/L, the concentration of COD is about 10 mg/L. It indicates
the residual organic matter exerts COD.
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FIGURE 5.13 BOD;s and COD relationship in raw municipal wastewater (Example 5.31).

EXAMPLE 5.32: RELATIONSHIP BETWEEN BODs; AND COD TESTS OF
SECONDARY EFFLUENT

Secondary eftluent contains low biodegradable and high nonbiodegradable organic matters. As a result,
the BOD is low while COD is high, and COD to BODj5 ratio is also high. A secondary wastewater treat-
ment plant is achieving nitrification. Six samples of well-nitrified effluent on different dates were analyzed
for total BOD5 and COD. The results are summarized below. Develop a statistical linear relationship and
ratio of COD and BODs. Comment on COD value in the effluent when BODj is very low. Also, compare
the COD to BOD:s ratios in influent (Example 5.31) and effluent.

BODs, mg/L 10.2 11.0 7> 6.5 5.5 8.2
COD, mg/L 55.0 57.7 45.8 40.1 39.0 48.3

Solution

1. Plot the COD versus BODs values in Figure 5.14.

100

COD = 3.57 BOD; + 18.5

r?=0.99
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FIGURE 5.14 BOD; and COD relationship in secondary effluent (Example 5.32).
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2. Develop the slope and intercept.

CoD | .
Slope or (B oD ratlo) = 3.57 and intercept = 18.5 mg/L

5

3. Determine the linear relationship.
The linear relationship is expressed by equation: COD = 3.57 BODs + 18.5.
Correlation ratio, r* = 0.99
4. Comment on the COD value in the effluent when BODj5 is low.
At low BODs concentrations, most of the organic matter in the effluent is nonbiodegradable organ-
ics which exert COD. When BODs = 0, the entire organic matter is nonbiodegradable and exerts a
COD of 18.5 mg/L.
5. Compare the ratios of COD to BODs in influent (Example 5.31) and effluent.
The ratio of COD to BOD:s in the influent is approximately 2.2-2.3 (Figure 5.13), and that in the
effluent ranges from 2.5 to 7.1 (see Figure 5.14). A higher ratio means more nonbiodegradable organics.
This is true as effluent has very little biodegradable organics remaining.

5.4.4 Total Organic Carbon

The total organic carbon (TOC) test is performed very rapidly and is becoming a popular test for small
concentrations of organic matter.'? It is measured by injecting a known quantity of sample into a high-
temperature furnace or by wet oxidation. The carbon dioxide that is produced is measured quantitatively.
Another measure of organic matter is theoretical organic carbon (ThOC).">%!!

5.4.5 Total Oxygen Demand and Theoretical Oxygen Demand

Total oxygen demand (TOD) measurement is based on conversion of organic compounds into
stable oxides in a platinum-catalyzed combustion chamber. The measurement can be completed in
3 min.

Both ThOD and ThOC are the measurements based on stoichiometric relationships. This is possible
only if the chemical formula of the organic compound is known. Due to unknown chemicals in the waste-
water, use of these parameters is very limited.”*>'""?

5.4.6 Relationship between BOD; and Other Tests Used for
Organic Content

COD, TOC, and TOD tests are used for rapid measurement of organic strength of wastewater. For
this reason, these tests are gaining popularity. Similar to Examples 5.31 and 5.32, a statistical relationship
or ratio between BODs and any of these tests can be established by laboratory testing. This ratio will
vary greatly depending upon the characteristics of wastewater and the degree of treatment the wastewater
may have undergone. Therefore, statistical relationships must be developed for each case.®'""?
Generalized ratios of these rapid tests and BODjs results for raw wastewater are given in Examples 5.33
through 5.35.
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EXAMPLE 5.33: CALCULATION OF ThOD, ThOC, AND ThOD/ThOC RATIO

An industrial waste stream contains 54 mg/L glycine (CH,(NH,)COOH). Calculate ThOD, ThOC, and
ThOD/ThOC ratio.

Solution

1. Write the balanced equation for complete oxidation of glycine in Equation 5.20.
7
CH,(NH,)COOH + 2.0, — HNO; +2C0; + 2H;0 (5.20)

2. Determine the molecular weight of glycine.
The molecular weight of glycine =75
3. Calculate ThOD.

3.5 mole O, 32g0,
mole glycine  mole O,

Oxygen consumed per mole of glycine = = 112 g O,/mole glycine

112g O le glyci
ThOD = 5 2 % il yc‘:me x 54 mg/L glycine = 81 mg/L O,
mole glycine  75g glycine

4. Calculate the theoretical organic carbon (ThOC).

2x12gC

ThOC = ——-——
75 g glycine

x 54 mg/L glycine = 17 mg/L C

5. Calculate the ratio of ThOD to ThOC.

ThOD 81 mg/LO,
ThOC = 17 mg/L C

=48g0,/g C

EXAMPLE 5.34: RELATIONSHIP BETWEEN VARIOUS PARAMETERS AND BODs5
TEST FOR RAW MUNICIPAL WASTEWATER

A number of studies have been conducted to establish the relationship between BODs and many other
tests commonly used for municipal wastewater. Tabulate these results.

Solution

The relationship between ThOD, UOD, TOD, COD, TOC, and BODs are obtained from many sources.
These relationships are summarized in Table 5.6.

TABLE 5.6 Concentrations of ThOD, UOD, TOD, COD, TOC and BOD;5 in Raw
Municipal Wastewater and Their BODs Ratios (Example 5.34)

Concentration, mg/L

Test
Range Typical BOD; Ratio

ThOD 400-430 410 1.95
UOD 390-405 400 1.90
TOD 370-390 380 1.81
COD (standard dichromate) 330-350 340 1.62
COD (rapid KMnOy,) 280-295 285 1.36
TOC 190-280 250 1.19
BOD (ultimate) 286-330 300 1.43
BODs 190-220 210 1.0

Source: Adapted in part from Reference 13.
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EXAMPLE 5.35: ThOD AND TOC RELATIONSHIPS FOR PURE CHEMICALS
Tabulate the ratios of calculated ThOD/ThOC and measured COD/TOC ratios of some commonly used

industrial chemicals.

Solution

The ratios of calculated ThOD and ThOC and measured COD/TOC for many substances are summa-

rized in Table 5.7.

TABLE 5.7 Calculated and Measured Ratios of ThOD/ThOC and COD/TOC of
Different Compounds (Example 5.35)

Substance ThOD/ThOC (Calculated) COD/TOC (Measured)

Acetone 3.56 2.44
Ethanol 4.00 3.35
Phenol 3.12 2.96
Benzene 3.34 0.84
Pyridine 333 =

Salicylic acid 2.86 2.86
Methanol 4.00 3.89
Benzoic acid 2.86 2.90
Sucrose 2.67 2.44

5.4.7 Other Nonspecific and Specific Tests for Organic Contents

Other common nonspecific tests for organics are UV absorbance and fluorescence. Many specific tests uti-
lize gas chromatography and mass spectroscopy, and are used to identify different organic compounds.

These methods are summarized in Table 5.8.

1,11,14

TABLE 5.8 Some Nonspecific and Specific Analytical Methods for Measurement and Identification of Organic

Compounds
Measurement Description
Nonspecific
Color Most organic matters in water cause color. Therefore, color measurement is used to

UV absorbance

Fluorescence

Gas chromatography

Mass spectrometry

High-pressure liquid
chromatography

quantify organics. Colorimetric analysis is performed to measure the color.

Ultraviolet absorbance at a specific wave length (UV 254 nm) is used to quantify groups of
organic compounds such as aliphatic, aromatic, complex multiaromatic, and
multiconjugated humic substances.

Some organic compounds absorb UV energy and then release energy at some longer
wavelength. This phenomenon provides a basis for measurement of organics.

Specific
The sample is vaporized and swept by a carrier gas through a chromatographic column. The
emergence of the compound is detected and measured.

The sample is vaporized and the compounds are separated by gas chromatography. The
bombardment of the organic molecules by the rapidly moving electrons breaks the organic
molecule into charged fragments. The mass-to-charge ratio of each fragment provides
quantitative analysis.

The carrier stream is composed of a solvent or mixture of solvents maintained under high
pressure. The compounds are separated in a solid or liquid stationary phase and measured.
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5.4.8 Nonbiodegradable and Toxic Compounds

Most inorganic and organic compounds in municipal wastewater come from water supply and human wastes.

Nitrogen and phosphorus are macronutrients. Many heavy metals, cyanide, and asbestos are toxic inorganics.
Many organic compounds are nonbiodegradable and toxic. Examples of these compounds are solvents,

pesticides, and herbicides. These compounds are discussed under priority pollutants in Section 5.6.

5.5 Microbiological Quality

The municipal wastewater contains microorganisms that play an important role in biological waste treat-
ment and public health and safety. The principal groups of microorganisms of significance in wastewater
treatment include bacteria, fungi, protozoa, and algae.

5.5.1 Basic Concepts

The principal groups of organisms found in water and wastewater are eukaryotes and prokaryotes. Eukary-
otes include algae, fungi, protozoa, and multicellular plants and animals. Each cell has a clearly defined
nucleus containing nucleic acid (deoxyribonucleic acid [DNA]). The DNA has genetic information that
is vital for the cell reproduction. Prokaryotes (mainly bacteria and blue-green algae) have poorly defined
nuclei. Viruses fall between living and nonliving. They are not complete organisms, being made up of
protein-protective coating surrounding a strand of nucleic acid.

TABLE 5.9 Basic Description of Organisms in Water and Wastewater

Types of

. Description
Organisms P

Bacteria Bacteria play very important role in wastewater treatment.
They are single-celled prokaryotic eubacteria.
Based on morphology bacteria are (1) spherical (cocci) 1-3 um, (2) rod shaped (bacilli) 0.3-1.5 um (dia.)
and 1-10 um long, (3) curved rod-shaped (vibros) 0.6-1 um (in diameter) and 1-6 um long, (4) spiral
(spirilla) 50 um long, and (5) filamentous 100 um long.
The pathogenic bacteria that are excreted by humans may cause many diseases. Bacteria-caused common
water borne diseases are gastroenteritis, typhoid fever, dysentery, diarrhea, cholera.

Fungi Fungi are aerobic, single to multicellular, nonphotosynthetic, heterotrophic eukaryotic protists. Most fungi
and molds are saprophytes (obtain food from dead organic matter). Fungi, along with bacteria, play
principal role in waste treatment. Fungi can compete and perform better than bacteria at lower pH,
nutrients, and moisture in wastes.

Algae Algae are autotrophic and photosynthetic, and contain chlorophyll. Algae play an important role in waste
stabilization ponds.

Protozoa Protozoa are a group of unicellular, nonphotosynthetic, aerobic organisms. Many protozoa cause disease.
Entamoeba histolytica (amoebic dysentery), Giardia lamblia (giardiasis), and Cryptosporidium parvum
(cryptosporidiosis) are transmitted by drinking water, while Naegleria fowleri may enter by nasal
inhalation exposure from swimming in polluted water and causes amoebic meningoencephalitis. Protozoa
feed upon bacteria and their presence in wastewater treatment plants indicates healthy operation.

Virus Viruses are obligate parasites and, as such, require a host. Common virus-caused diseases are infectious
hepatitis, gastroenteritis, and respiratory diseases.

Plants and Plants and animals ranging in size from microscopic to larger are important in waste treatment and
animals effluent quality control. Larger aquatic plants are used in constructed wetlands. Many smaller animals also
play an important role in natural purification and food chain.
Rotifers and crustacean are lower order animals that prey on bacteria, protozoa, and algae. They help to
maintain a balance in population of primary producers, and become a part of the food chain. Sludge
worms and other insect larvae feed on sludge and organic debris. Parasitic worms (helminths) cause many
waterborne diseases such as intestinal roundworm, Guinea worm, lung fluke, and schistosomiasis.
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TABLE 5.10 Basic Classification of Organisms Based on Nutritional and Environmental Requirements

Classification and Type
Based on Nutritional and Description
Environmental Requirements

Carbon Source
Heterotrophic Organisms that use organic carbon for cell synthesis

Autotrophic Organisms that derive their cell carbon from carbon dioxide

Energy Source
Phototrophic Organisms that derive energy for cell synthesis from sunlight

Chemotrophic Organisms that derive energy from chemical reactions

Oxygen Requirements
Aerobic Organisms that require molecular oxygen (O,) for their metabolism

Anaerobic Microorganisms that grow in absence of molecular oxygen. For strict anaerobes, molecular
oxygen may be toxic

Facultative Microorganisms grow in presence or absence of molecular oxygen

Temperature Requirement

Psychrophilic or cryophilic Optimum temperature range 12-18°C
Mesophilic Optimum temperature range 25-40°C
Thermophilic Optimum temperature range 55-65°C

Brief discussion of bacteria, fungi, algae, protozoa, virus, and plants and animals is provided in Table 5.9.
Different organisms have different nutritional and environmental requirements. These requirements
include carbon source, energy source, oxygen, temperature, and others. Basic classifications of organisms
based on carbon source, energy source, and oxygen and temperature requirement are summarized in
Table 5.10.47%1>1¢

EXAMPLE 5.36: COMMON WATERBORNE DISEASES AND CAUSATIVE
AGENTS

Two lists are given below. Match the terms.

List A List B
i Cholera a Virus
ii Typhoid fever b Helminths
iii Dysentery c G. lamblia
iv Hepatitis d Bacteria
v Schistosomiasis e Entamoeba histolytica

-

vi Giardiasis Continued fever

EXAMPLE 5.37: CLASSIFICATION BASED ON NUTRITIONAL AND
ENVIRONMENTAL REQUIREMENTS OF MICROORGANISMS

Match the terms in lists A and B.
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List A List B

i Eukaryotic cell a Need oxygen

ii Phototrophs b 12-18°C

iii Prokaryotic cell c Do not need oxygen

iv Aerobic d Need organic carbon

v Heterotrophic e Genetic information

vi Anaerobic f Nucleus clearly defined

vii Psychrotrophic g Sunlight

viii Mesophilic h Nucleus poorly defined

ix Actinomycetes i 25-40°C

X Protozoa j Filamentous

xi DNA k Guardia lamblia
Solution

The matching terms are (i-f), (ii-g), (iii-h), (iv-a), (v—-d), (vi-c), (vii-b), (viii-i), (ix-j), (x-k), (xi-e).

5.5.2 Indicator Organisms

Water has long served as a mode of transmission of diseases. The most important of the waterborne dis-
eases are those of the intestinal tract. Pathogens (disease-causing bacteria, viruses, protozoa, and parasitic
helminths) are excreted in the feces of patients and carriers. In order to determine the presence of path-
ogenic organisms in water, the microbiologist must have a reliable measurement technique. Unfortu-
nately, the analytical procedures for detection of pathogenic organisms are not clear-cut. Hence, rather
than looking for the specific pathogens, there is a need to find a group of indicator organisms that can
measure the potential of a water to transmit disease.

Characteristics of indicator organisms: The ideal indicator organism should have the following
characteristics:*™®

1. Detection should be quick, simple, and reproducible.

2. Results should be applicable to all waters, that is, the numbers should correlate with the degree of
pollution (higher numbers in sewage, less in polluted waters, and none in unpolluted waters).

3. The organism should have greater or equal survival time in nature than the pathogens and be pre-
sent in larger numbers.

4. The organisms should not grow in nature.

5. It should be harmless to humans.

Coliform organisms: Neither organism nor group of organisms possesses all characteristics of indica-
tor organisms. However, the coliform organisms currently used as indicator organisms have many of these
qualities. These are nonpathogenic bacteria whose origin is in fecal matter. The presence of these bacteria
in water is an indication of fecal contamination and probably unsafe water. The coliform bacteria are
gram-negative, nonspore-forming bacilli capable of fermenting lactose with the production of acids and
gases. The coliform bacteria are members of the Enterobacteriaceae family and include genera Escherichia,
Klebsiella, Citrobacter, and Enterobacter. The Escherichia coli (E. coli) species appears to be the most rep-
resentative of fecal contamination. Fecal Streptococci (FS) and Enterococci are also used as indicator organ-
isms under specific conditions.
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The coliform organisms were originally believed to be entirely of fecal origin, but it has been shown that
certain genera can grow in soil. Therefore, the presence of coliform organisms in surface water may be due
to fecal wastes from human and animal sources and from soil erosion. To separate E. coli species from
possible soil type, special tests are generally run. Frequently, for this purpose, FS are also used as indicator
organisms because they also originate from the intestinal tract of warm-blooded animals.

Number of coliform organisms: Each person discharges from 100 to 400 billion coliform organisms
per day, in addition to many other types of bacteria. The numbers of specific indicator organisms found
in untreated municipal wastewater are: total coliform (TC) 10°-108, fecal coliform (FC) 10*-10°, FS 10°-
10%, and Enterococci 10°~10° per mL. Generally, the ratio of FC to FS in a sample can be used to show
whether the suspected contamination derives from human or from animal wastes. As a general rule,
the FC/FS ratio for domestic animals is <1, whereas this ratio for human beings is >4.

EXAMPLE 5.38: COLIFORM NUMBER IN RAW WASTEWATER

It is estimated that each person discharges 150 billion total coliform organisms per day. If the average
wastewater flow is 120 gpcd, what is the average coliform density per mL in raw fresh wastewater?

Solution

150 x 10° coliform organisms/person-d
Average total coliform density = L L

120 gallons/person-d x 3.8 L/gallon

= 3.3 x 10° coliform organisms/L or 3.3 x 10> coliform organisms/mL

5.5.3 Measurement Techniques

The standard techniques used to enumerate the coliform organisms are (1) multiple-tube fermentation,
and (2) the membrane filter. Both techniques are described below.

Multiple-Tube Fermentation Test: The multiple-tube fermentation technique uses lactose broth
media, which is fermented by coliform group. Gas bubbles collected inside an inverted inner vial are an
indication of gas formation. The test may be carried out to presumptive, confirmed, or completed test lev-
els. For most routine water and wastewater analyses, only presumptive test is performed. Series of dilutions
in multiple tubes are used for statistical enumeration. The result is reported as most probable number per
100 mL (MPN/100 mL). Probability equations or standard MPN index tables are used to determine MPN.
The 95% confidence limits for five tubes each at dilutions of 10, 1, and 0.1 mL are provided in Table 5.11.

Membrane Filter Technique: Membrane filter technique is used to quantify the coliform organisms
present in water and wastewater samples. This technique is faster, gives the actual number rather than
the most probable number, uses larger volume of sample, requires less laboratory apparatus, and has
higher degree of reproducibility than the standard multiple-tube technique. Using a standard filtration
apparatus, a dilute sample is filtered through a membrane filter having a rated pore diameter of 0.45
um. The filter is placed over an absorbent pad containing Endo-type selective media in a dish with tight
cover, and is incubated at 35°C. The colonies with a golden-green metallic sheen are counted. The proce-
dure requires media, dilution water, and fully sterilized filtration and other apparatus. The procedure is
given in the Standard Methods."

It is necessary that an appropriate volume of sample should be selected to give 20-80 colonies per filter
for best results. Colonies >80 become too numerous to count accurately. Colonies <20 raise reliability
issues. Membrane filtration results are often reported as coliform density that is number of colonies per
mL of sample.

Based on the results of many studies, the sample sizes that have been proposed for different water
sources are provided in Table 5.12.
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TABLE5.12  Suggested Range of Sample Sizes That Have Been Proposed
for Filtration to Give Coliform Colonies in the Range of 20-80 per Filter

Water Source Sample Size, mL
Drinking water, swimming pools, Larger than 100
wells, and springs
Lakes and reservoirs 50-100
Bathing beaches 1-10
Rivers 0.1-10
Chlorinated municipal wastewater 0.001-0.1
Raw municipal wastewater 0.00001-0.0001

Note: See Example 5.49 for common error in membrane filtration test.

EXAMPLE 5.39: SERIES DILUTION TO OBTAIN A DESIRED VOLUME OF
DILUTED SAMPLE

A wastewater sample is expected to have a high coliform count. Sample dilution is necessary for the coli-
form test. Prepare a dilution scheme such that 10 mL of diluted sample gives 0.00001 mL of the
original sample.

Solution
1. Describe the dilution technique.
Sample dilution is mostly achieved by transferring 1 mL sample into a series of dilution bottles that
contains 99 mL of autoclaved (sterilized) distilled water. The pipets used are also sterilized.
2. Set up the dilution scheme.
The dilution scheme is shown in Figure 5.15.

1 mL I1mL=0.0lmL 1mL=0.0001 mL
raw sample original sample original sample
1 mL = 0.000001 mL original sample
10 mL = 0.00001 mL original sample
0 0 0
Dilution Dilution Dilution
1/100 1/10,000 1/1,000,000

FIGURE 5.15 Series dilution to obtain the desired sample volume (Example 5.39).

3. Determine the sample size.
The required original sample size of 0.00001 mL is obtained by withdrawing samples from bottles C.
10 mL of diluted sample from bottle C x (1/10° dilution factor) = 0.00001 mL original sample.
Also, 0.1 mL diluted sample from bottle B x (1/10* dilution factor) = 0.00001 mL original sample.
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EXAMPLE 5.40: DILUTION SCHEME TO ACHIEVE A REQUIRED NUMBER OF
ORGANISMS

A wastewater sample is expected to have 10° coliform organisms per 100 mL. Prepare a dilution sequence,
and calculate the volume of diluted sample that will give 100 coliform organisms.

Solution

1. Prepare the dilution scheme using 99 mL dilution bottles
The dilution scheme is shown in Figure 5.16.

1 mL sample = 1mL = 1mL =
107 coliform 10° coliform 102 coliform
organisms organisms organisms
1 mL = 10 coliform organisms
5 10 mL = 100 coliform organisms
99 mL|
Dilution Dilution Dilution
1/100 1/10,000 1/1,000,000

FIGURE 5.16 Series dilution to obtain a desired number of organisms (Example 5.40).

2. Determine the required sample size.
Three dilutions of original sample are used. The dilutions are such that certain value of diluted
sample withdrawn from bottles B or C will give 100 coliform organisms.
a. Bottle C

100 organisms required  10°
gant qu x — dilution factor = 10mL

Sample volume required from bottle C= -
107 organisms/mL

b. Bottle B

100 organisms required  10*
gant qu X — dilution factor =0.1mL

Sample volume required from bottle B= -
107 organisms/mL

EXAMPLE 5.41: MPN USING PROBABILITY FORMULA (POISSON
DISTRIBUTION)

A set of five lactose-broth fermentation tubes at three dilutions of 1 mL, 0.1 mL, and 0.01 mL (a total of 15
fermentation tubes) were prepared from a wastewater effluent. After incubation at 35°C + 0.5°C for 24
+ 2 h, the following gas production results were obtained.

1 mL dilution—5 positive gas production tubes (5/5)
0.1 mL dilution—4 positive gas production tubes (4/5)
0.01 mL dilution—2 positive gas production tubes (2/5)

Calculate MPN/100 mL using probability formula based on Poisson distribution

Solution

1. State the probability equation.
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The probability formula based on Poisson distribution is used for calculating MPN. The result for
three dilutions is expressed by Equation 5.21."7

y= % [(1 _ efn,,l)Pl (efnl/l)ql] [(1 _ efnﬂ)Pz (efnzl)qz][(l _ efng,l)l’s (efns/l)qs] (5.21)

where
y = 95% probability of occurrence of a given result
k = constant for a given set of conditions
ny, Ny, n3 = sample size in each dilution, mL
A = coliform density, organisms per mL

P1> P2» p3 = number of positive tubes in each sample dilution
q1> 92> g5 = number of negative tubes in each sample dilution

It should be noted that Equation 5.21 can be expanded to utilize the results of any numbers of dilu-
tions. The number of factorials in the equation will depend upon the number of dilutions. For example,
with three dilutions, the factorials are three. With one or four dilutions, the factorials in the equation
will be one and four, respectively.

2. Substitute the experimental results into the equation.
The multiple tube fermentation results are generally expressed as 5/5, 4/5, 2/5, or 5-4-2.
Substitute the following values in the probability equation.

Pr=5p=4p3=2,01=0,02=1,9q3=3

The probability equation after substitution becomes

yok = [(1 . 6714)5((11)0][(1 _ efoA14)4(efo.u)1][(1 _ e70.011)2(e704011)3]

3. Determine the coliform density A, organisms per mL.
Substitute different values of A and solve for y-k in the above equation. The results are tabulated

below.
A, organisms per mL yk
22.09 1.3963287 x 10>
22.10 1.3963315 x 10>
22.11 1.3963330 x 10>
22.12 1.3963331 x 107
22.13 1.3963319 x 10>
22.14 1.3963293 x 10>
22.15 1.3963255 x 107>

The maximum value of y-k is reached when A4 = 22.12 organisms per mL.
MPN = 22.12 organisms per mL

Coliform density is normally expressed as MPN/100 mL.

MPN = 2212 organisms per 100 mL
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EXAMPLE 5.42: MPN USING THOMAS EQUATION

Lactose-broth multiple-tube fermentation technique was used to determine MPN value of a water sample
in Example 5.41. The test was run with five-tube dilutions of 1, 0.1, and 0.01 mL. The positive gas bubble
results are 5/5, 4/5, and 2/5. Determine MPN by using Thomas equation.

Solution

1. State Thomas equation.
Thomas proposed a simpler equation, which is often used to estimate the coliform density. It is
expressed by Equation 5.22."7

No. of positive tubes x 100
(V)2

MPN/100 mL = (5.22)

where
V; = volume of sample in negative tubes, mL
V, = volume of sample in all tubes, mL

2. Substitute the experimental values.
V1 =(0.1+3 x 0.01) mL = (0.1 +0.03) mL =0.13 mL
V,=(5%x14+5x0.14+5x0.01) mL=>5.55mL
Number of positive tubes = 11

3. Calculate MPN.

11 x 100

MPN=—— "~
(0.13 x 5.55)'/2

= 1295 organisms per 100 mL

EXAMPLE 5.43: MPN FROM PROBABILITY TABLE

The lactose-broth multiple-tube test results for dilutions of 1, 0.1, and 0.01 mL are 5/5, 4/5, and 2/5
(Example 5.41). Determine the coliform density using probability table (Table 5.11).

Solution
1. Determine the MPN value from the probability table.
Refer to probability table (Table 5.11). The value in the table for dilutions of 10, 1, and 0.1 mL and
the test result of 5-4-2 is 220 per 100 mL.
2. Determine the MPN density for the dilutions used.
Since the dilutions used are 1, 0.1, and 0.01, the coliform density is calculated below.

220 coliforms 10 mL highest dilution in probability table
X
100 mL 1 mL highest dilution used for the sample
= 2200 coliforms per100 mL sample

MPN =

EXAMPLE 5.44: MPN TEST RESULTS WITH MORE THAN THREE DILUTIONS

Often it is necessary to run more than three dilutions. From these dilutions, it is possible to obtain more
than one result. A rule is applied to select the three dilutions and positive results for determination of the
MPN value. Following are the MPN test results on six samples of water and wastewater. Select the three
dilution and positive results. Also, determine the coliform density using the probability table.
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Dilution Series and Positive Gas

Sample Source

10 1 0.1 0.01 0.001 0.0001
Clarifier effluent 5 5 5 3 2 0
Primary effluent 5 5 5 5 3 2
Chlorinated primary effluent (a) 5 5 5 3 1 1
Chlorinated primary effluent (b) 5 5 5 3 2 1
River water 5 5 0 3 2 1
Filtered water 0 1 0 0 0 0

Solution

Select the dilution and positive results for each sample. State the rule for this selection and determine the
MPN value using the probability table. This information for each sample is provided in Table 5.13.

TABLE 5.13 Rules for Selection of Positive Results from More Than Three Dilutions (Example 5.44)

Sample Highest Value Selected MPN,
P of Selected i Explanation of Rule for Selection Coliform Density
Source o Positive Result
Dilution per 100 mL
Clarifier 0.1 5=32 Select the highest dilution that has positive 14,000*
effluent result in all five tubes. No positive result in
lowest dilution.
Primary 0.01 5-3-2 Select the highest dilution that has positive 140,000
eftluent result in all five tubes. No lower dilution
remaining.
Chlorinated 0.1 5-3-(1 +1) or  Select the highest dilution in lowest series that 14,000
primary 5-3-2 has positive result in all five tubes.
effluent (a) Incorporate the result of next lower dilution
into the higher dilution.
Chlorinated 0.1 5-3-(2+1) or  Select the highest dilution in lowest series that 18,000
primary 5-3-3 has highest positive result. Incorporate the
effluent (b) result of lower dilution into the higher
dilution.
River water 1 5-0-(342) or  Select the highest dilution that has positive 950
5-0-5 result in all five tubes. Incorporate the result
of next lower dilution into the higher
dilution up to a total of five.
Filtered 10 0-1-0 The three dilutions are used to include the 2
water positive result in the middle dilution.

2140 x (10/0.1) = 14,000.

EXAMPLE 5.45: ARITHMETIC AND GEOMETRIC MEANS AND THE MEDIAN

Quite often for a given sample, a series of dilutions are run. The geometric mean, the arithmetic mean, or
the median value is used to give a single MPN value from the results of series of dilutions. If unlikely com-
binations occur with a frequency >1%, it is an indication that the technique may be faulty or that the
statistical assumptions underlying the MPN estimate are not being fulfilled. Using this principle, calculate
the MPN/100 mL of a sample for which a series of multiple-tube dilutions are run. Use multiple
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combinations of the dilutions and obtain the arithmetic and geometric means, and the median value.
Also, determine MPN using the rules outlined in Table 5.13. The experimental results are given below:

Dilutions, mL 10 1 0.1 0.01  0.001  0.0001
Positive Tubes 5/5 5/5 4/5 1/5 0/5 0/5

Solution

1. Select the multiple combinations for the series of dilutions.
The series of dilutions, MPN value, multiplying factor, and MPN density are summarized below.

Multiple . MPN Density,
Combinations MPN Value from the Table Multiplying Factor MPN/100 mL
5-5-4 1600 1 1600
5-4-1 170 10 1700
4-1-0 17 100 1700
1-0-0 2 1000 2000

2. Select the MPN values.
The results are consistent for all dilutions. Mean and median values are calculated from the results.
3. Determine the MPN using the arithmetic and geometric means, and median value.

1
Arithmetic mean = z X (1600 + 1700 + 1700 + 2000) = 1750 MPN/100 mL

Geometric mean = (1600 x 1700 x 1700 x 2000)/* = 1743 MPN/100 mL
Median value = 1700 MPN/100 mL

Based on rule for selection of positive results in Table 5.13, the selected combination is 5-4-1. This is
the highest dilution that has positive result in all five tubes, and no positive result in lower dilution. The
MPN value is 1700 per 100 mL.

EXAMPLE 5.46: SELECTION OF PROPER SAMPLE SIZE FOR MEMBRANE
FILTRATION

A wastewater sample is expected to have 10° coliform organisms per mL. Determine the sample size that
should be used to give 50 coliform colonies over the membrane filter. Also, develop dilution scheme.

Solution

1. Develop the dilution scheme.
The dilution scheme is shown in Figure 5.17.
2. Estimate the volume of sample to be filtered from bottle B to give 50 colonies.

50 colonies needed

Volume of raw sample to be filtered = =0.0005mL — raw sample

10° colonies/mL — raw sample

0.0005mL — 1
Volume of sample from dilution bottle B= L~ Taw sampre

=5mL —sample B
0.0001 mL — raw sample/mL — sample B

3. Check the number of colonies expected over membrane filter.

5mL —sample B x 0.0001 mL — raw sample/mL — sample B x 10° colonies/mL — raw sample = 50 colonies
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1 mL 1 mL = 0.01 mL
raw sample raw sample
1 mL = 0.0001 mL raw sample
B
99 mL
Dilution Dilution
5
10°/mL 1/100 1/10,000

FIGURE 5.17 Series dilution to obtain a desired volume of sample (Example 5.46).

EXAMPLE 5.47: DILUTION TECHNIQUE TO OBTAIN PROPER SAMPLE
VOLUME

A wastewater sample is to be filtered that results in a desired number of colonies over the membrane filter.
Set up a procedure to obtain 0.005 and 0.0005 mL samples for filtration.

Solution

1. Set up the dilution scheme using 99-mL sterilized dilution water bottles (Figure 5.18).

1 mL 1 mL = 0.01 mL
raw sample raw sample

NS N

1 mL = 0.0001 mL raw sample

B
99 mL
Dilution Dilution
5
Ll 1/100 1/10,000

FIGURE 5.18 Series dilution to obtain a desired volume of sample (Example 5.47).

2. Withdraw samples from bottles to give 0.005 and 0.0005 mL sample volume.
Withdraw 0.5 mL diluted sample from bottle A, or 50 mL diluted sample from bottle B, to obtain
0.005 mL original sample volume. Withdraw 0.5 mL diluted sample from bottle B to obtain 0.0005 mL
original sample.

EXAMPLE 5.48: COLIFORM DENSITY

Five milliliters of river water was filtered through the membrane filter. Thirty coliform colonies
were counted. Determine the coliform count per 100 mL and give membrane filter results as coliform
density.
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Solution
30 colifa loni
Coliform count per mL of river water = con (;rmLco Omes _ 6 coliforms/mL
m
. ) 6 coliforms )
Coliform count per 100 mL of river water = L < 100 mL = 600 coliforms/100 mL
m

Coliform density =6

EXAMPLE 5.49: COMMON ERROR IN MEMBRANE FILTRATION TEST

If a small sample volume or diluted sample is applied over membrane filter, an experimental error results.
Describe the error and suggest methods to avoid it.

Solution

As soon as a small volume of sample or diluted sample (<5 mL) is dropped over a membrane filter, it is
absorbed instantly at a spot. As a result, crowded colonies grow at a small area. The correct count of col-
onies is not possible. To avoid this problem, it is suggested that 50-100 mL of sterilized dilution water is
poured into the filtration flask without turning on the vacuum pump. Then, the small volume of sample is
dropped over the standing water and the vacuum pump is turned on for filtration. After that, additional
50-100 mL of sterilized water is filtered to rinse the apparatus. This procedure will give well-dispersed
colonies over the entire filter area.

EXAMPLE 5.50: MULTIPLE DILUTION RESULTS

Multiple sample volumes of three different wastewater samples were tested for coliform density using
membrane filtration technique. Calculate the coliform count from the following results.

Sample Volumes Filtered Respective Coliform Colonies Counted
A 50 mL, 50 mL 21,23
B 50 mL, 20 mL, 1 mL 35, 40, none
C 10 mL, 1 mL, 0.1 mL 40, 6, none

Solution
Determine the total colonies/100 mL of each sample.

(21 + 23) colonies x 100 mL
(50 4+ 50) mL

Sample A, coliform count = = 44 colonies/100 mL

35 colonies x 100 mL
50 mL
It may be noted that the coliform counts for sample sizes 50, 20, and 1 mL are 70, 200, and 0 per 100

Sample B, coliform count =

= 70 colonies/100 mL

mL. Two hundred and 0 colonies are a wide variation from 70. Therefore, only one value of 35 colonies for

50 mL sample is expected.

(40 + 6) colonies x 100 mL
(10 + 1) mL

Sample C, coliform count = = 418 colonies/100 mL
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5.6 Priority Pollutants

Priority pollutants include both organic and inorganic compounds. They are selected on the basis of their
known or suspected carcinogenicity, mutagenicity, teratogenicity, or high acute toxicity. These pollutants
may interfere with the treatment processes, pass through unchanged, transformed, generated, or accumu-
lated in the sludge. The U.S. EPA has identified approximately 129 pollutants in 65 classes to be regulated.
It is anticipated that this list will continue to expand in the future. Under the National Pollutant Discharge
Elimination System (NPDES), effluent as well as industrial pretreatment standards are being developed.
Under the pretreatment regulations, two types of federal pretreatment standards are established: (1) pro-
hibited discharges and (2) categorical standards. The prohibited discharges are those that cause fire or
explosion hazard, corrosion, obstruction, slug discharges, and heated discharge to sewers or publicly
owned treatment works (POTWs). The categorical standards are developed for priority pollutants to limit
their discharge into natural waters.'®

EXAMPLE 5.51: INORGANIC PRIORITY POLLUTANTS

List the inorganic priority pollutants.

Solution

The inorganic priority pollutants are 13 toxic metals and nonmetals, fibrous asbestos, and total cyanide.
The nonmetals and metals are antimony, arsenic, beryllium, cadmium, chromium, copper, lead, mercury,
nickel, selenium, silver, thallium, and zinc.

EXAMPLE 5.52: EXAMPLES OF ORGANIC PRIORITY POLLUTANTS

List the representative priority organic pollutants.

Solution

The 114 representative priority organic compounds can be subdivided into aliphatics (36), aromatics (59),
and pesticides (19). Approximately 30 of these organic compounds can be considered volatile, and 69
contain chlorine.'® Examples of common organic priority pollutants are: benzene, carbon tetrachloride,
dichloroethane, vinyl chloride, bromoform, aldrin, dieldrin, polychlorinated biphenyl (PCB), and
many more.

5.7 Toxicity and Biomonitoring

On March 9, 1984, the U.S. EPA published a new national policy based on 1972 Clean Water Act, prohib-
iting the discharge of toxic pollutants in toxic amounts into natural waters. As a result of these guidelines,
toxicity tests have been instituted to (1) assess the toxicity of wastewater effluent to natural aquatic life,
(2) assess effectiveness and degree of wastewater treatment to meet water pollution control requirements,
and (3) determine compliance with federal and state water quality standards and water quality criteria
associated with NPDES permits.

The effluent from municipal wastewater treatment facility may contain numerous toxic chemicals
that may cause synergistic effects. For this reason, instead of specific chemical tests, biomonitoring was
introduced.
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5.7.1 Toxicity Test

Biomonitoring requires appropriate bioassay organisms to determine the level of toxicity in the effluent.
The tests are run in effluent samples with varying degrees of dilution, and records are kept on observations
of death, deformities, reproduction, and growth of test organisms. The tests may be short term, interme-
diate, and/or long term. The test may also be static, recirculation, renewal, or flow-through. Common
freshwater species are Ceriodaphnia dubia (water flea, daphnid shrimp), and Pimephales promelas (fat-
head minnow). The marine organisms included in the biomonitoring are Champia parvula (the red algae),
Mysidopsis bahia (the mysid shrimp), Menidia beryllina (the island silversides), and Cyrinidon variegalus
(the sheephead minnow). The biomonitoring protocols have been published and commented on exten-
sively in the literature. The results of acute toxicity tests are reported in 48 or 96 h. The LCs, is the con-
centration of effluent in dilution water that causes 50% mortality of the test organisms. The chronic
toxicity is measured over a long period or generations. The results are based on mortality, reduced growth,
or reproduction behavior.'?>

5.7.2 Toxicity Test Evaluation

Toxicity test results are expressed in terms of toxic units (TU)
TU Acute (TU,) is the reciprocal of the effluent dilution that causes the acute effect by the end of the
exposure period. This is expressed by Equation 5.23.%°

100

TU, =
* T LCs

(5.23)

where LCso = lethal concentration of the toxin required to kill half the members of a tested population
after a specified test duration

TU Chronic (TU,) is the reciprocal of the maximum effluent dilution that causes no unacceptable effect
on test organisms by the end of the chronic exposure period that is expressed by Equation 5.24.

_ 10 (5.24)
¢~ NOEC ‘

where NOEC = no observable effect concentration

The acute toxicity criterion is based on the Criterion Maximum Concentration (CMC), and is
expressed by Equation 5.25.
a

TU.
CMC = <0.37TU, (5.25)
CID

where CID = critical initial dilution

The chronic toxicity criterion is based on the Criterion Continuous Concentration (CCC), and is
expressed by Equation 5.26.

TU.
CCC = —=£ < 1.0TU, 5.26
CID — ¢ (5.26)

Based on toxicity test evaluation, if the toxicity level is found and verified, toxicity reduction evaluation
(TRE) is required. These studies involve toxicity investigation examination (TIE) and effluent toxicity treat-
ability (ETT). The objective is to determine the best method to reduce or eliminate the toxicity of the eftlu-
ent. The plan established by TIE or ETT is carried out under corrective action. The plan may include
process modification, chemical change, construction, or industrial pretreatment. After reduction or elim-
ination of toxicity, the plant is considered in compliance by the U.S. EPA.
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EXAMPLE 5.53: DETERMINATION OF LC5¢9 OF AN INDUSTRIAL CHEMICAL

The acute toxicity level of an industrial chemical is measured over a 96-h exposure time in a static bioassay
test. Four concentrations of the chemical were tested with 20 organisms in each concentration. The results
over 96-h of exposure time are summarized below. Determine LCs, by using (a) log concentration and
probability scales and (b) log concentration and arithmetic scales.

Control Organisms Surviving

Concentration, ug/L after 96 h Mortality after 96 h % Mortality
0 20 0 0
500 16 4 20
800 1 . i
1300 6 " -
2000 2 T %

Solution

1. Determine the LCs, value by using log-probability scale.
a. Plot the concentration of chemical (log scale) versus percent mortality of test organisms (prob-
ability scale). The plot is shown in Figure 5.19.
b. Fit the data points by visual observation giving close consideration in the range of 16% and 84%
mortality.
c. Draw a vertical line from 50% mortality.
d. Read the estimated LCs, value.

LCso = 890 mg/L

10,000
= L=
5D
=t
5 o
& 1000 |
‘= 890 ug/L P zand
8
|
5]
O 7
100 50P6
0.01 0.1 1 2 5 10 20 3040506070 80 90 95 98 99 99.9 99.99

Probability being less than or equal to given value, %

FIGURE 5.19 Determination of LCs, using log and probability scales (Example 5.53).

2. Determine the LCs, value by using log concentration and percent survival (both in arithmetic scale).
a. Arrange the experimental data as log concentration and percent survival.
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Control

Concentration (ug/L) Log Concentration % Mortality % Survival
0 N/A 0 100
500 2.70 20 80
800 2.90 45 55
1300 3.11 70 30
2000 3.30 90 10

b. Plot the log concentration of chemical (arithmetic scale) versus percent survival of test organ-
isms (arithmetic scale). The plot is shown in Figure 5.20.

5
4
=
S o = — 9 ;
g 5 %T._T _L;O% c_ox_mentratlon 0.0086 (% survival) + 3.38
= i .,
g .
S 2 I
Q
o 1
S 1
1 +
1
[
0 1
0 20 40 50% 60 80 100

Percent survival, %
FIGURE 5.20 Determination of LCs, using log and arithmetic scales (Example 5.53).
c. Develop linear relationship between log concentration and percent survival.
Log Concentration = —0.0086 (% survival) + 3.38
d. Estimated the log(LCs,) value from 50% survival.
log(LCsp) = —0.0086 x 50 + 3.38 = 2.95

Note: A vertical line from 50% mobility will also give log(LCs) = 2.95.
e. Convert the log(LCs) to LCsg value.

LCso= 10> =891 pg/L

EXAMPLE 5.54: EFFLUENT TOXICITY

The eftluent toxicity of a wastewater treatment plant was examined by a rapid bioassay test. A series of
effluent dilutions were prepared in samples from the receiving water. A group of 20 Ceriodaphnia dubia
was tested in each dilution. The results of 96 h of testing are summarized below. Estimate LCs, of the 96 h
using graphical method.
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Effluent Dilutions, No. of Test NO'.Of Test Percent
% by Volume Organisms Organisms Dead Mortality
after 96 h
30 20 18 90
20 20 15 75
10 20 8 40
7 20 4 20
5 20 2 10
3 20 1 5
Solution

1. Use the log and probability scales.
Plot the effluent dilutions in percent by volume (log scale) versus mortality in percent (probability
scale) as in Figure 5.21.

100
//

=2 //
2 e L~
=12% |g = o[- = = - | L _L_d_Jd__L_L_|
g 10 )4
g -
5 > i
g pd
O 71

1 5006

001 0.1 12 5 10 20 3040506070 80 90 95 98 99 99.9 99.99

Percent mortality, %

FIGURE 5.21 Determination of LCs, of effluent dilution using log and probability scale (Example 5.54).

2. Develop the best fit line (visual observation) giving close consideration in the range of 16%-18%
mortality.
3. Draw a vertical line from 50% mortality and read the LCs, value.

LCso = 12%
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EXAMPLE 5.55: PROBIT ANALYSIS

Solve Example 5.54 using the Probit analysis.

Solution

1. Describe the Probit analysis.

The Probit value (or probability unit) provides a basis for transforming the sigmoidal curve of
dose-response relationship to a complete linear transformation making linear regression and stat-
istical analysis straightforward. Thus, LCsg, slope, and confidence limits can be established. For
most analyses, a Probit table (Table 5.14) is used to transform raw dose-response data into
Probit values.

TABLE 5.14 Transformation from Percentages to Probit Values (Example 5.55)

1 2 3 4 5 6 7 8 9 10 11

1 % 0 1 2 3 4 5 6 7 8 9
2 0 = 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66
3 10 3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 412
4 20 4.16 4.19 423 4.26 4.29 433 4.36 4.39 4.42 4.45
5 30 4.48 4.50 453 4.56 4.59 4.61 4.64 4.67 4.69 4.72
6 40 4.75 4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97
7 50 5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 523
8 60 5.25 5.28 5.31 5.33 5.36 5.39 5.41 5.44 5.47 5.50
9 70 5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81
10 80 5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23
11 90 6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33
12 99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09

Source: Adapted in part from Reference 27.

2. Convert the data of Example 5.54 to Probit value.

Effluent Dilution, log % Effluent

5% by Vsl % Mortality Probit Value Dilution
30 90 6.28° 1.48°
20 75 5.67° 1.30
10 40 4.75 1.00
7 20 4.16 0.85
5 10 3.72 0.70
3 5 3.36¢ 0.48

? 6.28 is obtained from Table 5.14 (Row 11, Column 2). Row 11 and Column 2 correspond to 90%.
°log 30 = 1.48.

€ 5.67 is obtained from Table 5.14 (Row 9, Column 7). Row 9 and Column 7 correspond to 75%.
43,36 is obtained from Table 5.14 (Row 2, Column 7). Row 2 and column 7 corresponds to 5%.

3. Plot the Probit value as a function of log % effluent dilution. The plot is shown in Figure 5.22.
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10
8
Probit value = 3.03 (Log % effluent dilution) + 1.73
()
2 6 =
: | Pr=5 _ __ _|____ ;;)6/./
S 4 !
St
~ 1
/ l
2 > 5
1
o ¥ Log D5, = 1.08
0 0.5 1.0 1.5 2.0

Log % eftluent dilution

FIGURE 5.22 Probit value as a function of log % effluent dilution (Example 5.55).

4. Identify the Probit equation as expressed by Equation 5.27.

Pr=a+ blog(%V) (5.27)
where

P, = the Probit value

%V = percent effluent dilution

a and b = intercept and slope

5. Develop the linear relationship between the Probit value and log % effluent dilution, and determine
intercept and slope in the Probit equation.

a = 1.73 (intercept) and b = 3.03 (slope)
P, = 1.73 4 3.03 log(LDso)

6. Determine the LDs, value.
LDs is determined at the Probit value P, of 5 that is corresponding to 50% (see Row 7 and Column 2
in Table 5.14). Substitute this value in Equation 5.27 and solve for LDs;,.

5 =1.73 + 3.03 log(LDsp), or log(LDsy) = 1.08; LDsy = 10"% = 12%

EXAMPLE 5.56: TOXICITY TEST EVALUATION RESULTS

A municipal wastewater treatment plant is discharging secondary effluent into a river. The dilution
received at the boundary of the mixing zone at minimum 3-year dry weather flow condition is 50:1
(or CID = 50). Acute toxicity tests and chronic toxicity tests were conducted on three freshwater species
to eliminate the effect of sensitivities of test species to the plant effluent. The acute toxicity tests were con-
ducted over a 96-h period. The chronic toxicity tests utilized a series of effluent dilutions in continuous
flow-through systems. Ceriodaphnia dubia was the test organism. The acute toxicity LCs, was based on
mortality, and the chronic endpoint was measured on reduced reproduction and reported as NOEC. The
test results are summarized below. Determine the toxicity compliance.
Acute toxicity:

Exposure period = 96 h; control survival % = 100; LCso = 5.7

Chronic end point:

Exposure period = 10 d; control survival % = 98; NOEC = 1.7
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Solution
1. Determine the TU, and TU, values from Equations 5.23 and 5.24.
100 100
TU, =——=—=17.5 t
* T LGy 5.7 (acute)
100 100

S 58.8 (chronic)

2. Determine the CMC value from Equation 5.25 and compliance value.

TU. 17.5
E—="""—-035 (acute)

MC = =
eMc CID 50

The compliance criteria = 0.3 TU, = 0.3 x17.5=5.3.
The CMC value of 0.35 is considerably <0.3 TU, or 5.3. Therefore, acute toxicity is within the
compliance criteria.
3. Determine the CCC value from Equation 5.26 and compliance value.
TU. 585

CCC = 5
CID 50

1.2 (chronic)
The compliance criteria= 1.0 TU. =1 x 58.8 = 58.8.

The CCC value of 1.2 is considerably less than the compliance value of 1.0 TU, or 58.8. Therefore,
chronic toxicity is within the compliance criteria. TRE evaluation is not required.

5.8 Unit Waste Loading and Population Equivalent

Loadings of many constituents in municipal wastewater on a per capita basis remain relatively uniform.
The variation in constituent loadings per capita per day may be due to industries served, usage of garbage
grinders, domestic water softeners, and discharge of septage. In small treatment facilities, their effects may
be significant. Unit waste loadings in municipal wastewater may be developed from flow rate (liters per
capita per day) and concentrations of various constituents in mg/L. These unit loadings are used to esti-
mate the population equivalent (PE) of industrial wastes. PE may be developed on the basis of flow, TSS,
BODs, COD, nitrogen, and phosphorus.*"'

EXAMPLE 5.57: UNIT BOD5; AND TSS LOADINGS

A municipal wastewater treatment plant receives mostly residential wastewater. The average wastewater
flow is 440 Lpcd. The average BOD5 and TSS concentrations are 220 and 240 mg/L. Calculate unit BOD5
and TSS loadings as g/capita-d.

Solution
1. Calculate the unit BODs loading.

g

BODs5 = 220 mg/L x 10° mg x 440 Lpcd = 97 g/capita-d

2. Calculate the unit TSS loading.

TSS = 240 mg/L x

103g x 440 Lpcd = 106 g/capita-d
mg
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EXAMPLE 5.58: PE OF AN INDUSTRY

A small dairy industry discharges 500 m>/d wastewater that has an average BODs of 1500 mg/L. If the
unit BODs loading is 97 g/capita-d, calculate the population equivalent.

Solution
1. Calculate the BODs load of the dairy plant.
kg 10°L
X
10°mg = m3

BODs = 1500 mg/L x x 500m’/d = 750 kg/d

2. Calculate the PE value of dairy industry.

10°g 1
P.E. =750kg/d x —2x — % 500m3/d = 7732
Sk kg “97 g/capita-d x m’/ persons

EXAMPLE 5.59: UNIT LOADINGS BASED ON TSS, BOD5, COD, NITROGEN,
AND PHOSPHORUS

The typical concentrations of most common constituents of municipal wastewater are given in Table 5.1.
If average unit flow to the plant is 450 Lpcd, determine the unit waste loadings on the basis of BODs,
COD, TSS, total nitrogen (as N), organic nitrogen (as N), ammonia nitrogen (as N), and total phosphorus
(as P). The concentrations of these constituents are provided in Table 5.1.

Solution

1. Calculate the unit waste loadings (g/capita-d) for each of the above constituents.
The average flow rate is 450 Lpcd. The typical waste loadings (g/capita-d) are calculated from the
typical concentrations given in Table 5.1.
2. Tabulate the unit mass loadings.
The typical unit waste loadings (g/capita-d) for each constituent is summarized in Table 5.15.

TABLE 5.15 Typical Unit Waste Loadings Derived from Table 5.1 (Example 5.59)

e Typi.cal Typi.cal Unit W.aste

Concentration, mg/L Loadings, g/capita-d
BOD; 210 952
COD 400 180
TSS 250 113
Total nitrogen (TN), as N 40 18
Organic nitrogen (ON), as N 15 7
Ammonia nitrogen (AN), as N 30 14
Total phosphorus (TP), as P 6 3

2210 g/m’ x 10> m®/L x 450 L/capita-d = 95 g/capita-d.

EXAMPLE 5.60: PE CALCULATION BASED ON UNIT WASTE LOADINGS

A canning industry generates 1500 m>/d waste stream. The average concentrations of BODs = 1200
mg/L, COD = 2400 mg/L, TSS =1800 mg/L, TN =60 mg/L as N, ON =44 mg/L as N, AN=16
mg/L as N, and TP = 18 mg/L as P. Using the unit waste loadings in Table 5.15, calculate PE using each
constituent. Select the highest PE.
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Solution

1. Tabulate the industrial waste loadings.

5-59

Use unit waste loading in Table 5.15 to obtain the industrial load of each constituent. These indus-

trial loads are summarized below.

Industrial Waste

Constituent Unit Waste Loadings, Concentration, Loading, PE
g/capita-d mg/L kg/d
BODs 95 1200 1800 18,947
COD 180 2400 3600 20,000
TSS 113 1800 2700 23,894
TN, as N 18 60 90 5000
ON, as N 7 44 66 9429
AN, as N 14 16 24 1714
TP, as P 3 18 27 9000

2. Select the highest PE value.

The highest PE is obtained from TSS result and is 23,894 or 24,000. The TSS load from the canning

industry is equivalent to a population of 24,000.

EXAMPLE 5.61: EFFECT OF GARBAGE GRINDER ON WASTEWATER

CHARACTERISTICS

A wastewater treatment plant is serving 15,000 residents of a community that has garbage grinders to
grind the kitchen wastes. The average wastewater flow is 7500 m>/d. The average BOD5 and TSS concen-
trations are 230 and 280 mg/L, respectively. Assume that the unit waste loadings in Table 5.15 apply
for community without garbage grinders. Calculate the per capita BODs and TSS load from the

garbage grinder.

Solution

1. Calculate the unit BODs and TSS loadings for the community with garbage grinders.

g 10°L 3
BOD; = 230 mg/L x —=— x —— x 7500 m’/d x
10°mg  m’
10°L
TSS = 280 mg/L x % X —— x 7500 m*/d x
10°mg  m?

1
15,000 people

2. Determine the unit waste loadings derived from Table 5.15.

BOD;s loading = 95 g/capita-d
TSS loading = 113 g/capita-d

3. Determine the per capita contributions of the garbage grinder.

BODs = (115 — 95) g/capita-d = 20 g/capita-d
TSS = (140 — 113) g/capita-d = 27 g/capita-d

1
15,000 people

= 140 g/capita-d

115 g/capita-d
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5.9 Mass Loadings and Sustained Mass Loadings

Mass Loadings: The analysis of wastewater data involves the determination of flow rates and mass load-
ings. Both wastewater flow and concentrations of contaminants have hourly, daily, and seasonal varia-
tions. Facility designs based on average flow rate and concentrations may have serious deficiencies
during high mass loading. For example, during early stages of infiltration/inflow, high flows are encoun-
tered. Concentrations of various contaminants including BOD, TSS, nitrogen, and phosphorus may also
be high due to “first-flush-effect.” As a result, a surge of mass loading may pass through the facility over
several hours. The mass loading is calculated from Equation 5.28.

M=

2. Cigi
Cn="2 (5.28)
qi
i=1
where
C,, = flow-weighted average concentration of contaminant, mg/L or g/m’
¢; =average concentration of contaminant during the ith time period, mg/L or g/m’
n = number of observations
q; = average flow rate during ith time period, m*/d

Sustained Mass Loading: The critical components of a wastewater treatment facility should be checked
for expected sustained peak mass loadings of key constituents. Some of these critical components are aer-
ation capacity, sludge zone and clarification zone in the final clarifier, digestion period, sludge dewatering
capacity, and effluent quality. The peaking factors for sustained peak and low mass loadings are developed
with respect to the number of consecutive days during the period of record that high and low mass load-
ings are sustained. The procedure for developing sustained mass loading envelop is similar to that of sus-
tained peak and low flow rates (Section 4.5.3). The general procedure for developing the sustained mass
loading envelope is briefly presented below.

1. Select the available daily mass loading record during a sustained period of time.

2. Determine the average day mass loading.

3. Calculate the ratio of the daily- to average-mass loading.

4. Calculate the running average values of the ratios over a period 1, 2, 3, ..., n consecutive days.

5. Identify and plot the maximum and minimum running average ratios with respect to each period
1,2, 3, ..., n consecutive days.

EXAMPLE 5.62: MASS LOADINGS FOR DIURNAL WASTEWATER

At a wastewater treatment plant, the hourly diurnal flow and BODs concentration values were recorded.
These values are tabulated below. Calculate the BOD5 diurnal mass-loading values. Plot the diurnal flow,
BOD concentration and BOD mass-loading curves.

Time Period  VIAMBN=1 4 5 5 3 34 45 5.6 67 7-8 8-9 9-10 10-11 LA™
Noon
Flow, m*/h 72 56 41 34 31 33 74 8 8 88 8 84
BODs, mg/L 160 132 93 63 40 40 59 110 139 180 203 211
. , Noon- 12 2-3 3-4 45 56 67 7-8 89 9-10 10-11 11 p.m.—
Time Period =
1 p.m. Midnight
Flow, m*/h 8 84 77 72 67 65 67 72 8 8 8 77

BODs, mg/L 218 230 240 220 180 160 150 179 200 280 305 250
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Solution

1. Set up a calculation table.
Tabulate the 24-h individual data point. The flow input is the hourly average rate.

Time Flov;r ), Conlcgecr)llt)r;tion BOD; Mass Loading
m"/h (C), mg/L (C x g), kg/h
Midnight-1:00 72 160 11.5
a.m.

1-2 a.m. 56 132 7.39
2-3 41 93 3.81
3-4 34 63 2.14
4-5 31 40 1.24
5-6 33 40 1.32
6-7 74 59 4.37
7-8 80 110 8.80
8-9 86 139 12.0
9-10 88 180 15.8

10-11 86 203 17.5
11-12 84 211 17.7
Noon-1:00 p.m. 86 218 18.7

1-2 p.m. 84 230 19.3
2-3 77 240 18.5
3-4 72 220 15.8
4-5 67 180 121
5-6 65 160 10.4
6-7 67 150 10.1
7-8 72 179 12.9
8-9 80 200 16.0
9-10 82 280 23.0

10-11 88 305 26.8
11-12 77 250 19.3
Total 1682 4042 306

2. Calculate the daily average flow, BODs, and BODs mass loading.

_1682m’/h x 1h

Dail fl =70m’/h
aily average flow 7 m’/
) ) 4042mg/L x 1h
Daily average BOD,concentration = = o 168 mg/L
306kg/h x 1h
Daily average BOD.mass loading = 306kg/h > 1h = 12.8kg/h

24h

3. Plot the diurnal flow, BODs concentration, and BOD5 mass loading.
The average and hourly variation of flow, BODs concentration, and BOD5 mass loading plots are
shown in Figure 5.23.
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FIGURE 5.23 Plot of diurnal flow, BODs concentration, and BOD5 mass loading curves (Example 5.62).

EXAMPLE 5.63: RATIOS OF SUSTAINED AVERAGE PEAK AND MINIMUM
LOADING CURVES OF BODs, TSS, NITROGEN, AND
PHOSPHORUS

The typical sustained average peak and low mass loading ratios of BODs, TSS, nitrogen, and phosphorus
with respect to average loadings and the number of consecutive days the mass loadings are maintained are
provided in Table 5.16. Draw the typical maximum and minimum ratio curves.

TABLE 5.16 Ratio of Sustained Average Peak and Low Mass Loadings to Average Mass Loading
(Example 5.63)

No. of Consecutive Ratio of Sustained Average Peak and Low Mass Loading to Average Mass Loading
Days That the
Average Mass
Loading Was

BODs TSS TKN NH;-N Total P

Max Min Max Min Max Min Max Min Max Min

Sustained
1 2.48 0.13 2.58 0.19 2.13 0.19 1.50 0.50 1.73 0.31
2 2.13 0.37 2.31 0.31 1.85 0.44 1.31 0.70 1.44 0.56
4 1.85 0.50 1.93 0.50 1.60 0.65 1.24 0.81 1.24 0.79
7 1.56 0.63 1.56 0.63 1.50 0.75 1.23 0.85 1.23 0.88
10 1.40 0.65 1.38 0.65 1.44 0.80 1.20 0.86 1.20 0.90
15 1.28 0.73 1.25 0.71 1.38 0.88 1.20 0.86 1.20 0.91
20 1.25 0.75 1.25 0.79 1.29 0.88 1.20 0.86 1.20 0.92
25 1.23 0.75 1.23 0.79 1.25 1.00 1.20 0.86 1.20 0.93
30 1.20 0.75 1.19 0.80 1.23 1.00 1.20 0.86 1.20 0.94
Solution

The maximum and minimum consecutive days of sustained mass loading ratios with respect to average

day mass loading for the period of record are provided in Table 5.16. The procedure for developing the

sustained average flow ratio (SAFR) envelope is given in Example 4.14. Similar procedure is applied for

developing the sustained peak and low mass loading ratio envelope. This procedure is not repeated here.

Readers are referred to Example 4.14 to review the procedure for developing mass loading ratio envelope.
Plot the sustained peak and low mass loading ratio envelope.
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The ratios of averaged sustained peak and low mass loadings to average mass loading for BOD, TSS,
TKN, NH;-N and total P with respect to number of consecutive days these mass loadings are sustained are
plotted in Figure 5.24.
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FIGURE 5.24 Sustained average ratios of maximum and minimum mass loadings: (a) BODs, (b) TSS,
(c) TKN and NH;3-N, and (d) TP (Example 5.63).

EXAMPLE 5.64: APPLICATION OF SUSTAINED MASS LOADING FOR DESIGN
AND OPERATION OF A WASTEWATER TREATMENT PLANT

A wastewater treatment plant has a design annual average wastewater flow of 38,000 m>/d (10 MGD), and
annual average BODs concentration of 190 mg/L. The peaking factors and number of consecutive days of
sustained peak loading are given below. Develop total mass loading curve for BODs that the treatment
plant must handle under different days of consecutive sustained peak loadings. What is the total amount
of BOD:s that is expected to reach the treatment plant during 5 days of sustained loading period? What is
the significance of this sustained mass loading for plant design and operation?

No. of Consecutive Days 1 2 3 5 10 20 30
of Sustained Peak
Peaking Factor 2.48 2.13 1.90 1.70 1.40 1.25 1.20
Solution

1. Determine the average daily BODs mass loading.

ng3

L
105 mg < 3 ¥ 38,000m’/d = 7220kg/d

Daily BOD5 mass loading = 190 mg/L X

5-63
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2. Set up a computational table to calculate the sustained peak BOD5 mass loading
a. Use the peaking factors for different lengths of sustained peak periods.
b. Calculate peak BOD mass loading.
c. Calculate total mass loading for different lengths of sustained peak loadings.

No. of Consecutive

oy oSz PFeaking Sustaine4 BODs Mass Total Mass Loa.ding for
Tk Londi, d actor Loading, kg/d Sustained Period, kg
1 248 17,906 17,906
2 213 15,379 30,758"
3 1.90 13,718 41,154
5 1.70 12,274 61,370
10 1.40 10,108 101,080
20 1.25 9025 180,500
30 1.20 8664 259,920

27220 kg/d x 2.48 = 17,906 kg/d.
© 15,379 kg/d x 2 d = 30,758 kg.

3. Determine the total sustained 5-day mass loading to the treatment plant.
Sustained BODs mass loading = 1.70 x 7220 kg/d = 12,274 kg/d
Total mass loading to the plant over 5 days = 12,274 kg/d x 5 d = 61,370 kg
4. Develop the total mass load curve for BODs.
The total mass loading curve for BODs that the treatment plant must handle for different consec-

utive days of sustained peak loading is shown in Figure 5.25.

4,00,000

3,00,000
L

2,00,000 //

1,00,000

Total BOD, mass loading, kg

0 10 20 30 40
Number of consecutive days, days

FIGURE 5.25 Sustained BODs mass loading during different consecutive days at the plant (Example 5.64).

5. Significance of the sustained mass BODs loading.

The treatment plant will receive a total of 61,370 kg of sustained peak BOD5 loading over a period of 5
days. In comparison, the average mass loading over 5 days is only 36,100 kg (5 d x 7220 kg/d). The plant
components should be large enough to supply additional aeration, return activated sludge and waste-
activated sludge to handle 5-day sustained peak condition. The clarifier should be checked to handle
increased solids loading, have sufficiently large sludge zone and clarification zone. A desirable situation
is to provide sufficient return sludge capacity to move solids from the clarifier into the aeration basin.
This will reduce significantly the depth of sludge blanket in the clarifier. Additionally, the sludge diges-
tion and dewatering facilities should be designed to handle the excess load during the peaking periods.
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Discussion Topics and Review Problems

5.1

5.2

5.3

54

5.5

5.6

5.7

5.8

5.9

Define TON. A water sample at 2 mL in standard dilution test gave a perceptible odor. Calculate
TON.

An odor test panel of five members was used in an odor evaluation study. The results are given
below. Determine the geometric mean of TON.

Panel Sample Volume Diluted to 200 mL
Member 0.05 0.5 B 1.0 2.0 2.5 B 3.0 40 5.0
A - - - + + + - + + +
B - - - — + + - + + +
C - - - - + + - + + +
D — - - + + + - + + +
E - - - - - - - + + +

Settling test was performed in an Imhoff cone. The following results were obtained.

Total suspended solids in raw wastewater =350 mg/L
Total settleable solids =10mL/L
Solids in sludge =2%

Total suspended solids in effluent =150 mg/L

A sedimentation basin is designed to treat 10,000 m’/d.

Determine the following:

a. Volume of sludge, m®/d

b. Density of sludge, kg/m’

Suspended solids test was performed on a wastewater sample. Determine TSS, VSS, and FSS.
Use the following data

Volume of sample filtered =30mL

Weight of dried filter paper in aluminum dish =12.7324¢
Weight of dried filter paper + dish + TSS =12.7369g
Weight of dish 4 ash after ignition =12.7357g

A wastewater sample has total solids of 960 mg/L. TSS is 35% and TVSS is 70% of TSS. TDS has 45%
volatile fraction. Calculate the concentrations of TSS, TVSS, TESS, TDS, TVDSS, and TFDS.
Sludge production in a sedimentation basin is 185 m’/d. The pumping rate of sludge is 200 L/min.
Determine pump running time and idle time per hour.

Five milliliters municipal wastewater sample was diluted in 300 mL BOD bottle. The DO of initial
diluted sample and after 5-d of incubation were 8.7 and 4.3 mg/L. Calculate BODj,

The selected dilution for BODs test should be such that the residual DO is at least 1 mg/L, and DO
depletion should be at least 2 mg/L. Assuming initial DO of 8.6 mg/L, calculate the range of BOD;
that can be measured by a dilution of 1 mL sample in a 300-mL BOD bottle.

Determine BODs of an industrial wastewater sample from the following laboratory data.

Volume of sample in BOD bottle =3mL

Initial DO of diluted sample =8.5mg/L
DO of diluted sample after 5-day incubation =~ =4.4mg/L
Initial DO of seeded control =8.5mg/L
DO of seeded control after incubation =83 mg/L

Volume of seed in diluted sample and control =1mL
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5.10

5.12

5.14
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Calculate the carbonaceous BOD of a sample after 7 days and at 30°C. BODs at 20°C is 120 mg/L,
and k at 20°C is 0.25d"".

A wastewater sample has BODs of 210 mg/L. The reaction rate constant k,, (base e) is 0.23 da.
Draw the time-dependent BOD remaining and BOD exerted curves.

The time series BOD data of an industrial waste sample is given below. Determine L, and k (base e)
using (a) least squares, (b) Thomas method, and (c) Fujimoto method.

Time, d 0 2 4 6 8
BOD, mg/L 0 11 18 22 24

Calculate total theoretical oxygen demand (ThOD), total nitrogenous oxygen demand (TNOD),
total carbonaceous oxygen demand (TCOD), and total organic carbon (TOC) of an industrial waste.
The waste is represented by the chemical formula CsN,HgO,. Assume that nitrogen is converted to
ammonia and then to nitrate. The average concentration of waste is 210 mg/L. Also, determine var-
ious ratios with respect to TCOD.

The electrolytic respirometer test results of a wastewater sample at 21°C are given in Figure 5.26.
Determine reaction rate constants K and ultimate BOD for carbonaceous and nitrogenous oxygen
demands. Also, determine UOD.

400
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FIGURE 5.26 Electrolytic respirometer test results (Problem 5.14).

5.15

5.16

The ultimate oxygen demand (UOD) of a waste is expressed by the following equation:
UOD (mg/L) = A x BOD; + B x (NH;-N)

Calculate the factors A and B if the reaction rate k (base €) is 0.18 d~ !, and the ammonia nitrogen
is fully converted to NO;-N.
The BODs and TOC test data of a sampling point in a process train over 7-day data collection period
are given below. Develop the linear relationship and average BOD5/TOC ratio.

Sampling Day 1 2 3 4 5 6 7

BODs, mg/L 122 97 215 250 100 139 144
TOC, mg/L 102 80 180 210 85 115 120
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5.17

5.18

5.19

5.20

5.21

5.22

5.23

Two lists are given below. Match the terms.

List A List B
i. Phototroph a. Oxygen must be absent
ii. Autotroph b. G. lamblia
ili. Anaerobes c. 12-18°C
iv. Giardiasis d. Poorly defined nucleus
v. Cryophilic e. Derive energy from sunlight
vi. Prokaryotes f. Schistosomiasis
vii. Helminthes g. Derive cell carbon from CO,

Identify the characteristics that apply to coliform organisms.
Pathogenic

Gram negative

Members of Enterobateriaceae family

Present in wastewater

Nonspore-forming cells

Include genera Klebsiella

Incapable of fermenting lactose

5@ om0 a0 O

Its presence means safe water

The expected coliform count of a wastewater sample is 10" per mL. Indicate dilution series to
achieve a dilution such that 1 mL = 0.000001 mL original sample. What is the expected coliform
count in 1 mL final dilution?

Multiple dilution test with five lactose broth fermentation tubes at three dilutions of 0.1 mL, 0.01 mL,
and 0.001 mL (total 15 fermentation tubes) were performed with primary settled effluent. After
incubation, the positive gas production results were 5/5, 3/5, and 10/5. Determine the MPN using
(a) probability table, (b) probability equation, and (c) Thomas equation.

Multiple dilution tests with five lactose broth fermentation tubes at four dilutions of 1, 0.1, 0.01, and
0.001 mL were performed with primary settled effluent. After incubation, the following positive gas
production results were obtained 5/5, 3/5, 2/5, and 0/5. Determine the MPN using
probability equation.

Series of dilutions with five tubes each were prepared from several wastewater samples to determine
MPN from probability table (Table 5.11). The results are given below. Select three dilutions for each
sample to determine MPN. Use the selection procedure given in Table 5.10.

Dilution Series and Positive Gas Results

Sampling
Day 10 1 0.1 0.01 0.001 0.0001
1 5/5 5/5 5/5 3/5 2/5 1/5
2 5/5 5/5 0/5 3/5 2/5 1/5
3 5/5 5/5 5/5 4/5 3/5 1/5
4 5/5 5/5 5/5 5/5 3/5 2/5

Coliform density was determined by membrane filtration (Figure 5.27). The dilution is given below.
20 mL of series dilution was filtered through the membrane filter. A total of 43 colonies were
counted. Calculate coliform density per 100 mL sample.
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1 mL 1 mL =0.01 mL
raw sample raw sample
20 mL diluted sample
B
99 mL
Dilution Dilution
1/100 1/10,000

FIGURE 5.27 Series dilution to obtain a desired volume of sample [Problem 5.23].

5.24 Membrane filtration technique was used to determine coliform count in a wastewater sample. Sev-
eral volumes of samples were filtered and coliform colonies were counted. The results are given
below. Determine the coliform count.

Sample Volume, mL 100 10 5 2 1 0.5
Coliform Colonies Too many to count 78 45 16 9 2

5.25 Acute toxicity test was conducted on an industrial chemical. Ten young Ceriodaphnia dubia test
organisms in five concentrations of chemicals and in control were used in the acute toxicity test.
The concentrations and mortality data are given below. Determine LDsq using (a) arithmetic
plot, (b) arithmetic and log plot, (c) semilog scale, (d) probability plot, and (e) Probit equation.

Concentration, ug/L 0 370 750 1000 1600 2000
No. of Organisms Died 0 1 4 6 8 9

5.26 A municipal wastewater treatment plant is discharging secondary effluent into a creek. At low flow,
the expected dilution is 10:1. The acute toxicity test was conducted with C. dubia over 96-h expo-
sure. The following results were obtained. Determine the toxicity compliance. Control % survival =
100, LCso = 4.8.

5.27 An industrial effluent was tested for chronic toxicity using C. dubia. The critical effluent dilution in
the receiving water was 5:1. The test procedure utilized a series of effluent dilutions in continuous
flow-through systems. The results of chronic test were based on reduced reproduction and are
reported as NOEC. Following results were obtained. Determine the toxicity compliance. Exposure
period = 10 days, control survived = 98%, and NOEC = 2.7%.

5.28 An industry is discharging 2500 m’/d wastewater into a sanitary sewer. The concentrations of
BODs, TSS, TN, and TP are 200, 280, 35, 10 mg/L, respectively. Calculate the population equivalent
of the industry based on flow, BODs, TSS, TN, and TP.

5.29 A community has garbage grinders installed in homes. Food and kitchen wastes are ground and
discharged into the sanitary sewers. Data from other communities with garbage grinders shows
that average BODs and TSS contributions are 0.24 and 0.28 Ib per capita per day. The wastewater
flow is 110 gpcd. Calculate: (a) concentration of BODs and TSS in the wastewater; and (b) percent
BODs and TSS increase due to garbage grinder. Assume that the unit loadings in Table 5.15 are
without garbage grinder.

5.30 The diurnal flow rate and BODs concentrations were measured every 2 h at a wastewater treatment
plant. The results are tabulated below. Determine average flow, BODs concentration, and BODs
mass loading. Plot the diurnal flow, BODs, and mass loading curves.
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am. p-m.
Time of Day 12 2 4 6 8 10 12 2 4 6 8 10
Flow, m’/h 75 38 36 74 89 88 88 73 63 63 83 89
BODs, mg/L 165 92 40 60 140 205 214 210 180 145 220 250
5.31 The peaking factors of sustained mass loadings are given in Figure 5.19. Determine total consecutive
sustained 7-d BODs mass loading at a treatment plant. The average design flow and annual average
BODs concentration for which the plant is designed are 4.0 MGD and 180 mg/L. Calculate the total
sustained BOD5s mass loading that the plant is expected to receive over the sustained mass
loading period.
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Wastewater Treatment Objectives,
Design Considerations, and
Treatment Processes

6.1 Chapter Objectives

This is an introductory chapter to provide prospective on wastewater treatment objectives and regulations,
basic design considerations, and processes used for wastewater treatment. The following topics are
covered:

o Wastewater treatment objectives and regulations

 Basic design considerations to include current and future trends in population growth, design
period, wastewater characteristics and degree of treatment, treatment processes selection and com-
binations, and other design factors

e Service area, treatment plant site selection, regulatory requirements, and effluent discharge limitations

e Residuals production, handling and processing technology selection and combinations, and final
disposal and reuse of biosolids

e Plant layout, plant hydraulics, flow through conduits, pumping, and flow measurement

o Energy and resource requirements, plant economics, and environmental impact assessment

o General considerations in plant planning, design, and construction management

6.2 Treatment Objectives and Regulations
6.2.1 Objectives

The objectives of a wastewater treatment plant are to meet the effluent quality standards established by
the federal, state, and regional regulatory authorities; and to prevent many adverse environmental condi-
tions that may develop due to inadequate wastewater treatment. Some of these adverse environmental
conditions are (1) unsightliness, nuisance, and obnoxious odors at the plant and at the disposal site;
(2) contamination of water supply sources; (3) destruction of fish, shellfish, and other aquatic life;
(4) impairment of beneficial uses of receiving waters; and (5) decline in land values causing restriction
in community growth and development. Ideally, a wastewater treatment plant must encourage the bene-
ficial uses of effluent and residuals, and enhance community growth and development.

6.2.2 Regulations

The passage of the Federal Water Pollution Control Amendments of 1972 (PL 92-500), and subsequent
amendments brought a significant change in water pollution control philosophy."? The specific national

6-1
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water quality goals and regulations are to eliminate the discharge of pollutants into all surface waters, and
restore and maintain the physical, chemical, and biological integrity of the Nation’s waters. The highlights

of these regulations are presented below:

. Under the National Pollutant Discharge Elimination System (NPDES) permitting program, efflu-
ent limitations are established for conventional, nonconventional, toxic, and hazardous pollutants
based upon their levels of concentration in the effluent.'

. Industrial pretreatment standards are developed for all pollutants that “interfere with, pass
through, concentrate in sludge, or otherwise incompatible” with publicly owned treatment works
(POTWs).!

. The U.S. Environmental Protection Agency (U.S. EPA) published its definition of secondary treat-
ment. The current definition is given in Table 6.1.%

. Under the Clean Water Acts, each state agency is required to develop a water quality management
(WQM) plan."? Bodies of state waters are classified as either effluent-limited or water-quality limited.
The state agency established total maximum daily load (TMDL) waste allocation for all surface
waters throughout the state. The water body is classified as effluent-limited if states water quality
standards are met by discharge of secondary effluent. Water-quality limited bodies of water require
discharge of higher effluent quality. The revised TMDL waste allocation includes (1) point sources,
(2) nonpoint sources, (3) natural background levels, and (4) a margin of safety.l’4

. Biomonitoring requirement is established to determine the toxicity in the wastewater effluent to
control the discharge of toxic pollutants in toxic amounts.’

. Construction grant program with federal share of 75% was initiated for construction of POTWs.
The federal share was reduced to 55%. Subsequently, it was changed to loans under State Revolv-
ing Fund (SRF).68

. The regulations that affect design of POTWs include those for the treatment, disposal and bene-
ficial use of biosolids. National standards are set for pathogens and heavy metals contents and for
safe handling and use of biosolids. The rule promotes the development of “clean sludge” that can
be used as biosolids over cultivated land.’

. Health and environmental concerns in design of POTWs are emphasized. These are (1) release
of volatile organic compounds (VOCs) and toxic air contaminants (TACs), (2) odors, and (3)
disinfection byproducts (DBPs).

. Greater emphasis is on effluent reuses including potable water reuse. There is however much con-
cern regarding detection, monitoring, and health risks of many contaminants. Chemicals of great-
est concern are gasoline additives, solvents, phenolic compounds, and the pharmaceuticals and
personal care products (PPCPs). Many of these compounds are endocrine-disruptors, meaning

TABLE 6.1 Minimum National Standards for Secondary Treatment as Defined by the U.S. EPA

30-Day Average

7-day Average, Maximum

Parameter Maximum Concentration, Minimum Removal, Concentration, mg/L
mg/L %

BOD; 30 85 45

CBOD;* 25 85 40

TSS 30 85 45

pH® Between 6.0 and 9.0

# CBOD = carbonaceous biochemical oxygen demand. CBODs may be substituted for BOD; by the permitting authority.

® TSS = total suspended solids.

¢ The pH limit may be exceeded if POTW demonstrates that (1) inorganic chemicals are not added to waste stream as part of treatment

process, and (2) contributions from industrial sources do not cause the pH of the effluent to be <6 and >9.

Note: Special considerations may apply to combined sewers, certain industrial categories, waste stabilization ponds, and less concentrated

influent wastewater for separate sewers.
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they may enhance the hormones production, exaggerate response, or block the effect of hormone

on the body. Some reported findings include problems with development, behavior, and repro-

duction of many aquatic animals. Decline in male sperm count has also been reported. Increases

in certain cancers have been blamed on endocrine-disruptive chemicals.'*™"*

10. The U.S. EPA is required to report to congress the Need Survey about the progress and the status of
the program and detailed capital cost investment additionally needed to comply with the require-
ments of the Acts. The ultimate goal of these Acts is to eliminate the discharge of pollutants into all

surface waters."*

EXAMPLE 6.1: SECONDARY EFFLUENT COMPLIANCE

Grab samples were collected daily for 7 days from the secondary effluent pipe. The BODs and TSS con-
centrations are tabulated below. Determine 7-day average BODs and TSS values. Compare the effluent
quality with national standards for secondary treatment.

Concentration, mg/L

Parameter
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
BODs 20 15 15 50 54 40 30
TSS 28 25 30 65 68 45 25
Solution

1. Determine 7-d average BOD5 and TSS.
BOD; = (20 + 15 + 15 + 50 4 54 + 40 + 30) mg/L/7 = (224 mg/L)/7 = 32 mg/L
TSS = (28 + 25+ 30 + 65 + 68 4 45 + 25) mg/L/7 = (286 mg/L)/7 = 41 mg/L
2. Compare the effluent quality with the minimum national standards for secondary treatment in
Table 6.1.

The minimum national secondary treatment standards for 7-d average BODs and TSS are 45 mg/L
each. Therefore, the effluent meets the secondary effluent quality standards.

6.3 Basic Design Considerations

There are many important design factors that must be considered during the initial planning and design
stages of a wastewater treatment project. Basic design factors are:"

. Initial and design years and design population

Service area and treatment plant site selection

. Regulatory requirements and effluent limitations

. Characteristics of wastewater and degree of treatment

. Selection of treatment processes, equipment, and process train
. Plant layout

. Plant hydraulic conditions

. Plant hydraulic profile

. Energy and resource requirements and plant economics

—
o

. Environmental impact assessment
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Most of these factors are covered in great detail in several chapters; the information presented below is
an introduction to wastewater project planning.

6.3.1 Initial and Design Years and Design Population

Initial and Design Years: It generally takes several years to plan, design, and construct a wastewater treat-
ment facility. Accordingly, most of the plant’s components are made large enough to satisfy the commu-
nity needs for several years in the future. The initial year is the year when the construction is completed
and the initial operation begins. The design or planning year is the year when the facility is expected to
reach its full designed capacity. Selecting the design year requires sound judgments and skills in developing
future population growth estimates from the past social and economic trends of a community. Design
periods are generally chosen with the following factors in mind:

. Useful life of treatment units

. Ease or difficulty in expansion

. Performance of the treatment facility during the initial years

. Future growth in the population, commercial and industrial developments, water demands, and

N O

wastewater characteristics
5. Cost of present and future construction, and availability of funds

The design periods of different components of a treatment facility may also vary. As an example, main
conduits, channels, and appurtenances that cannot be expanded readily are designed for periods up to 50
years in the future. On the other hand, treatment units, process equipment, pumps, and sludge processing
and disposal facilities are constructed for shorter periods to avoid construction of oversized units. In such
cases, adequate space is left at the plant site for expansion of the facility at different staging periods.
According to the guidelines of the construction grants program, the design period may be divided into
several staging periods (10, 15, and 20 years). The number and length of staging period depend on the
ratio of wastewater flow expected at the design and initial years. The length of staging period is determined
from Table 6.2.

Design Population: The volume of wastewater generated in a community depends on the population
and per capita contribution of wastewater. It is therefore important to estimate the population to be served
at the design year. Accurate population prediction is quite difficult because many factors influence the
growth of a city. Among the important factors are industrial growth; state of development of the surround-
ing area; location with regard to transportation sources; availability of raw material, land, and water
resources; local taxes and government activities; migration trends; and so on.

Sources of Population Data: The population data can be obtained from several sources. The U.S.
Bureau of Census (Department of Commerce) publishes 10-year census data. For the interim periods, reli-
able data can usually be obtained from local census bureaus; the state, county, or local planning commis-
sions; the chambers of commerce; voters registration lists; the post office; newspapers; and public utilities
(telephone, electric, gas and water, etc.). It is important that the design engineer becomes familiar with the
population data sources and the type of information that can be obtained from these sources.

TABLE 6.2  Staging Periods for Plant Expansion over the Design Period

Flow Growth Factor, Ratio of Flow
at Initial and Design Years

Staging Period, Years

Less than 1.3 20
1.3-1.8 15
Greater than 1.8 10

Source: Adapted in part from Reference 16.
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Method of Population Forecasting: There are many mathematical and graphical methods that are

used to project past population data to the design year. Widely employed methods are:

. Arithmetic growth

. Geometric growth

. Decreasing rate of increase

. Mathematical or logistic curve fitting

. Graphical comparison with similar cities
. Ratio method

. Employment forecast

. Birth cohort

0N N U W N

All these methods utilize different assumptions and therefore give different results. Selection of any
method depends on the amount and type of data available and whether the projections are made for the short
or long term. The arithmetic, geometric, decreasing rate of increase, and logistic curve-fitting methods are
summarized in Table 6.3 (Equations 6.1 through 6.10). The remaining methods are presented in Table 6.4.

TABLE 6.3 Population Projections by Using Arithmetic, Geometric, Decreasing Rate of Increase, and Mathematical

Curve Fitting

Method Description Basic Equations
Arithmetic Population is assumed to increase ay
LKy YW=V +K T 6.1
method at a constant rate. The method dt : ! 2 : 2) (1)
is used for short-term estimates
(1-5year) K — -1 6.2
e (62)
Geometric method Population is assumed to increase
, . dy
in proportion to the number —=KpyY; In(Yy) = In(Y2) + Kp(T — T2) (6.3)
. dt
present. The method is
commonly used for short-term K — In(Y2) — In(Y1) (6.4)
estimates (1-5 year). P, T ’
Decreasing rate Population is assumed to reach Ay
of increase some limiting value or saturation T Ky(Z - Y);
method point. The method is normally (6.5)
applied for long-term estimates. Yi=Y2+(Z-Y2) <1 - E_K“(T_TZ))
2Yo11 Y, — Y3(Yo + Y,
7Y, 1(20+ 2) 66)
YoY2 — Y
1 Z-Y,
Ky=— 1 6.7
LY n(zfn) (67)
Mathematical or It is assumed that the population 7
logistic curve growth follows a logistic Yy = 1o 2T To) (6.8)
fitting mathematical relationship. Most +ae
common relationship is an S- Z—-Yy
0= (6.9)
shaped curve. Yo
1. (Yo(Z-Y1)
b=-In| ———-—= 6.10
nn<Y1(Z—Y0) (6.10)

Note: dY/dt = rate of changes in population with respect to time; Y,, Y}, and Y, = populations at time To, T}, and T5; Y, = estimated
population of the year of interest; Z = saturation population; K,, K, and Ki= population constants for arithmetic, geometric, and
decreasing rate of increase; a and b = constants; n = constant interval between T, T}, and T, (generally 10 years).

Source: Adapted in part from References 15 and 17.
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TABLE 6.4 Population Projections by Using Graphical Comparison, Ratio Method, Employment Forecast, and
Birth Cohort

Method Description

Graphical comparison The procedure involves the graphical projection of the past population data
for the city being studied. The population data of other similar but larger
cities are also plotted in such a manner that all the curves are coincident at
the present population of the city being studied. These curves are used as a
guide in future population projections.

Ratio and correlation In this method, the population of the city in question is assumed to follow
the same trends as that of the region, county, or state. From the population
records of a series of census years, the ratio is plotted and then projected to
the year of interest. From the available estimated population of the region,
county, or state, and the projected ratio, the population of the concerned
city is obtained.

Employment forecast or other utility The population is estimated using the employment forecast. From the past
connections forecast data of population and employment, the ratio is plotted and population is
obtained from the projected employment forecast. Procedure is similar to
that of the ratio method. Similar procedure can be utilized from the forecast
of various utility service connections such as telephone, electric, gas, water
and sewers, etc. Utility companies conduct studies and develop reliable
forecasts on the future connections. Forecasts of postal and newspaper
service points have also been used in population estimates.

Birth cohort A birth cohort is defined by demographers as a group of people born in a
given year or period.” The existing populations of males and females in
different age groups are determined from the past records. From birth and
death rates of each group and population migration data, the net increase in
each group is calculated. The population data are then shifted from one
group to the other until the design period is reached.

* Demography is that branch of anthropology that deals with the statistical study of the characteristics of human population with reference
to total size, density, number of deaths, births, migration, etc.
Source: Adapted in part from References 15 and 17.

Population Density: The average population density for the entire city rarely exceeds 7500-10,000 per
km? (30-40 per acre). Often it is important to know the population density in different parts of the city in
order to estimate the wastewater flows, and to design the collection network. Density varies widely within a
city depending on the land use. The average population densities based on land use characteristics are
summarized in Table 6.5.

TABLE 6.5 Range of Population Densities in Various Sections of a City

Population Range

Land Use
Persons per km? Persons per Acre
Residential areas
Single-family dwellings, large lots 1250-3700 5-15
Single-family dwellings, small lots 3700-8700 15-35
Multiple-family dwellings, small lots 8700-25,000 35-100
Apartment or tenement houses 25,000-250,000 100-1000 or more
Commercial areas 3700-7500 15-30
Industrial areas 1250-3700 5-15
Total, exclusive of parks, playgrounds, and cemeteries 2500-12,500 10-50

Note: km? = acre x 247.1.

Source: Adapted in part from References 15 and 17.



Wastewater Treatment Objectives, Design Considerations, and Treatment Processes

EXAMPLE 6.2: PLANNING AND DESIGN PERIOD

A wastewater treatment plant is currently overloaded and will not meet the future effluent standards. A
capital improvement plan is under consideration. The project planning schedule is given below. Deter-
mine (a) planning and design period, (b) initial year, (c) design year, (d) staging period, and (e)

design period.
Identification of stages
A B C D E, E E; F
2014 2016 2018 2021 2026 2031 2036 2041

Years

A = Problem identified and planning started

B = Completion of facility plan (phase I report or engineering report)

C = Completion of design, plans, specifications, and construction bid package
D = Completion of constructions and operation begins

D-E,, E;-E,, and E,-E; = Staging periods

F = Plant reaches full capacity.

Solution

. Planning and design period is 4 years between 2014 (A) and 2018 (C).

. Initial year is in 2021 (D).

. Design year is in 2041 (F).

. There are three staging periods, each of 5 years: 2021-2026 (D-E,), 2026-2031 (E,-E,), and
2031-2036 (E,-E3).

e. Design period is 20 years between 2021 (D) and 2041 (F).

o0 O

EXAMPLE 6.3: STAGING PERIOD

A wastewater treatment plant has initial year population of 38,000 and wastewater flow of 330 Lpcd. The
estimated design year population and wastewater flow are 85,000 and 310 Lpcd. Calculate the
staging period.

Solution

1. Calculate initial and design year flows.

Initial year flow to the plant = 330 L/person-d x 38,000 persons x 10> m’/L
= 12,540 m>/d

Design year capacity of the plant = 310 L/person-d x 85,000 persons x 10™> m?/L
= 26,350 m’/d

2. Calculate the ratio of flow rates in design to initial year.

Designyear flow  26,350m’/d
Initial year flow 12,540 m3/d

3. Determine staging period from Table 6.2.
The staging period is 10 years or less.

6-7
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EXAMPLE 6.4: POPULATION ESTIMATES FROM ARITHMETIC, GEOMETRIC,
DECREASING RATE OF INCREASE, AND LOGISTIC CURVE
FITTING METHODS

Estimate the population of a city using arithmetic, geometric, decreasing rate of increase, and logistic
curve fitting methods. Three census years’ data are given below: The design year for treatment plant
expansion is 2030.

Year Population, Person
1990 5000
2000 10,000
2010 15,000
2020 18,000

Solution

1. Apply the following data from the table.

To = 2000, Yo = 10,000 persons; T; = 2010, Y; = 15,000 persons; T, = 2020, Y, = 18,000 persons;
T'=2030, and n = 10 years.

2. Estimate population using arithmetic growth from Equations 6.1 and 6.2.
Most recent census data in 2020 is used for population projections.

K — (18,000 — 15,000) persons
7 (2020 — 2010) year

= 300 persons/year
Y5030 = 18,000 persons + 300 persons/year x (2030 — 2020) years = 21,000 persons
3. Estimate population using geometric growth from Equations 6.3 and 6.4.

_ In(18,000) — In(15,000)  9.798 — 9.616
P (2020 — 2010)year ~ 10year

= 0.0182 year

In(Ya930) = In(18,000) 4 0.0182 year ! x (2030 — 2020) year = 9.798 + 0.182 = 9.98

Y2030 = € = 21,600 persons

4. Estimate population using decreasing rate of increase method from Equations 6.5 through 6.7.

2 x (10,000 x 15,000 x 18,000) persons® — (15,000 persons)* x (10,000 + 18,000) persons

VA
(10,000 x 18,000) persons? — (15,000 persons)’
= 20,000 persons
1 20,000 — 18,000 _
Ky=— x In ( ) persons = —0.1year ! x (—0.916)
(2020 — 2010) years (20,000 — 15,000) persons

=0.0916year ™"

Y2030 = 18,000 persons + (20,000 — 18,000) persons X (1 — efo‘oglsyeaf]“203072020)"&“)

= 18,000 persons + 1200 persons = 19,200 persons
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5. Estimate population using logistic curve fitting from Equations 6.8 through 6.10.
Z = 20,000 persons

(20,000 — 10,000) persons |

10,000 persons
1 10,000 x (20,000 — 15,000) persons2 1 i
= = % 1n0.333 = —0.1099 year
10years 15,000 x (20,000 — 10,000) persons® 10years
20,000 persons _ 20,000 persons

Y2030 = = 19,290 persons

1+1x e—0.1099 year~! x(2030—2000) year - 1+ 0.0370

EXAMPLE 6.5: GRAPHICAL COMPARISON METHOD FOR POPULATION
PROJECTION

Estimate the population of City A by using graphical comparison with populations of Cities B and C.

The design year is 2040.

Population, 10? Persons

Year

City A City B City C
1980 8.0 18.0 16.0
1990 11.0 20.3 20.0
2000 14.2 22.0 23.5
2010 18.0 23.2 26.0

Solution

1. Determine the years for Cities B and C so that their curves are coincident at the population of City A in
the year of 2010.
City A population in 2010 = 18,000 persons
City B population in 1980 = 18,000 persons
City C reaches a population of 18,000 persons between the years 1980 and 1990.
Using arithmetic rate of increase method (Equations 6.1 and 6.2), calculate the year T when the
City C reaches a population of 18,000 persons.

(20,000 — 16,000) persons

= = 400
? (1990 — 1980) year persons/year
400 persons
18,000 persons = 16,000 persons + ——————  — (T — 1980) years
year

18,000 persons — 16,000 persons
400 persons/year

T = 1980 + = 1985

2. Plot the census populations of the City A.
Shift the year scale for Cities B and C so that their population curves start from 18,000 persons
which is the year 2010 census population of City A (Point P). The graphical presentation of these pop-
ulations is shown in Figure 6.1.
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FIGURE 6.1 Population estimate by graphical comparison (Example 6.5).
Note: The time scales of Cities B and C have been shifted to start curves from point P (18,000 persons).

3. Project the population of the City A using shifted population curves of the Cities B and C as a guide.
4. The graphically estimated population of City A = 24,800 in the year 2040.

EXAMPLE 6.6: RATIO METHOD FOR POPULATION PROJECTION

Estimate the population of the City A using the ratio method. The design year is 2030. The estimated pop-
ulation of the region in the year 2030 is obtained from the State Planning Commission. It is
988,000 persons.

Population, 10? Persons

Year

City A Region
1980 50 455
1990 61 623
2000 72 766
2010 77 850

Solution

1. Develop the ratio of city population and region population.
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City A Population,

Region Population,

Year 10° Persons 10° Persons Ratio
1980 50 455 0.110
1990 61 623 0.098
2000 72 766 0.094
2010 77 850 0.091
2030 — 988 (estimated) —
2. Plot the population ratio with year.
The population ratio is plotted in Figure 6.2.
0.150
0.125
2
g l\ Ratio =|0.089
=]
£ 0.100
& ‘.\I-\._
2 - -#---p
(=]
A~
0.075
0.050
1970 1980 1990 2000 2010 2020 2030
Year

FIGURE 6.2 Population estimate by ratio method (Example 6.6).

3. Estimate the population ratio for the year 2030 and the population of the City A in the year 2030.
Extend the population ratio graph in dotted line to the year 2030.
Population ratio = 0.088

6-11

The estimated population of the City A in the year 2030 = 0.089 x 988,000 persons = 88,000 persons.

EXAMPLE 6.7: EMPLOYMENT FORECAST

Estimate the population of a city using employment forecast. The design year is 2030. Use the following
data. The employment forecast for the city is obtained from the Regional Planning Commission. For the

year 2030, it is 21,300 persons.

Population and Employment, 10°> Persons

Year

Population of the City Employment
1980 20 6.80
1990 30 10.79
2000 39 14.77
2010 46 17.83
2030 = 21.30
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Solution

1. Calculate the ratio of population to employment for the census years.

Population of the City, Employment in the City, Ratio of Population to
Year 3 3
10” Persons 10” Persons Employment

1980 20 6.80 2.94

1990 30 10.79 2.78

2000 39 14.77 2.64

2010 46 17.83 2.58

2030 - 21.30 =

2. Plot the ratios with respect to years in Figure 6.3.
3.0 k
2.9 \
2.8 \
2.7

\.\ Ratiol= 2.54
2.6

i

s_E

Ratio of population to employment

P ==

2o
1970 1980 1990 2000 2010 2020 2030

Year

FIGURE 6.3 Population estimate by employment forecast (Example 6.7).

3. Estimate the ratio of population to employment for the year 2030 and the population of the city.
Extend the dotted line of the ratios to the year 2030.
The ratio population to employment for the year 2030 = 2.54
Population of the city in the year 2030 = 2.54 x 21,300 persons = 54,100 persons

EXAMPLE 6.8: POPULATION ESTIMATE BASED ON POPULATION DENSITY

A city is rapidly growing and is expected to reach saturation population in the year 2030. The land-use
plan for the year 2030 is developed by the City Planning Commission. The areas for various sections of the
city in land-use plan are provided below. The average ultimate population densities for different land use
are given below. Estimate (a) the saturation population of the city, and (b) average population density for
the entire city.
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Single-  Single-

. . Multiple-
Type of Family - Family Family ~ Apartments Commercial Industrial e
Land Use Large  Small Playground, and
Small Lots .
Lots Lots Cemeteries
Area, acres 380 250 120 20 560 875 680
Population 10 25 68 550 23 10 30
density,
persons/acre
Solution

1. Tabulate the land use and population.
The land use average population densities and population are tabulated below.

Type of Land Use Area, acre Popl;lelrasti)(;lrz/]zzlesity, Po}g:j:(t)i:n,
Single-family, large lots 380 10 3800
Single-family, small lots 250 25 6250
Multiple-family, small lots 120 68 8160
Apartments 20 550 11,000
Commercial 560 23 12,880
Industrial 875 10 8750
Parks, playground, and 680 30 20,400

cemeteries
Total 2885 — 71,240

2. Determine the saturation population of the city, and average population density of the entire city.
a. Saturation population of the city = 71,240 persons
b. Average population density of the entire city = 71,240 persons + 2885 acres = 25 persons/acre

6.3.2 Service Area and Treatment Plant Site Selection

Service Area: Service area (also called sewer district) is defined as the total land area that will be eventually
served by the proposed wastewater treatment facility. The area may be based on natural drainage, political
boundaries, or both. Site visits, and engineering data on topography, geology, hydrology, climate, ecolog-
ical elements, and social and economic conditions, and land use or zoning plans should be studied. These
factors may affect both developed and undeveloped lands. Such efforts should be carefully coordinated
with the state, regional, and local planning agencies, and should be in conformance with the development
and implementation of the area-wide waste management plan.

Site Selection: Site selection of a wastewater treatment facility should be based on careful consideration
of the land use and development patterns in the region, as well as social, environmental, and engineering
constraints. It is important to remember that the selection of a site for a wastewater treatment plant will
have long-lasting social, economic, and political repercussions on the affected community and neigh-
borhood. Therefore, public involvement in decision-making is crucial. The basic principles that must
be considered during site evaluation are (a) low elevation to permit gravity flow, (b) isolated site from
presently buildup areas and future developments, (c) large land area to maintain isolation (buffer land),
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(d) opportunity for local disposal of residuals, (e) above flood zone, in low-lying areas proper flood
protection measures must be taken, (f) year round, all-weather access roads, (g) alternate source of electric
power, (h) effluent reuse and disposal potential, (i) geology to permit foundation stability, moderate
slope for locating units in their normal sequence, and (j) absence of archaeological and historical sites,
and critical habitats for endangered or threatened species of flora or fauna.

The project planning team must investigate topography, drainage, surface and groundwater, soil type,
prevailing winds, temperature, precipitation, seasonal solar angles, wildlife habitats, ecosystems, regional
and local land use and zoning, transportation, archaeological and historical features, and other factors.

EXAMPLE 6.9: SERVICE AREA OF A WASTEWATER TREATMENT PLANT

A city has one wastewater treatment plant. The treatment plant capacity and expansion is planned to take
place in several stages. Show the service areas.

Solution

The service area proposed build out of wastewater facilities for the city is shown in the Figure 6.4.

2003 - 3007 WASTEWATER ]
DEVILOPUENT

007-3013 WASTEWATER . e M
DOTLCPuENT :

It WASTOWATER

FROPOSED BUILDOUT WASTEWATER SYSTEM

FIGURE 6.4 Example of a service area of a wastewater treatment plant project (Courtesy Freese and
Nichols, Inc., Engineers, Architects, Planners, Fort Worth, Texas). (Example 6.9).
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6.3.3 Regulatory Requirements and Effluent Limitations

Regulations are always subject to change as more information becomes available regarding wastewater
characteristics, effectiveness of treatment processes, and environmental effects. The regulatory trends
and minimum national standards for secondary treatment may also change. Many waste pollution
control legislations in the United States have been passed in the past 40 years. Some of these are listed

in Example 6.10.

EXAMPLE 6.10: WATER POLLUTION CONTROL LEGISLATIONS AND

Provide (1) a chronological listing of major water pollution control legislation in the United States, and (2)

REGULATIONS

a list of major federal water quality regulations.

Solution

1. The chronological listing of major water pollution control legislations are listed below:

2. The major federal water quality regulations under the authorization of the CWA are selected and sum-
marized below:
a.

1,2,18-20

1948: Federal Water Pollution Control Act (P.L. 80-845)

1956: Water Pollution Control Act of 1956 (P.L. 84-660)

1961: Federal Water Pollution Control Act Amendments (P.L. 87-88)
1965: Water Quality Act of 1965 (P.L. 89-234)

1966: Clean Water Restoration Act (P.L. 89-753)

1969: National Environmental Policy Act (P.L. 91-190)

1970: Water Quality Improvement Act of 1970 (P.L. 91-224)

1972: Federal Water Pollution Control Act Amendments (P.L. 92-500)
1977: Clean Water Act (CWA) of 1977 (P.L. 95-217)

1981: Municipal Wastewater Treatment Construction Grants Amendments (P.L. 97-117)
1987: Water Quality Act of 1987 (P.L. 100-4)

3,9,21-32

40 CFR Part 122—EPA Administrated Permit Programs: The National Pollutant Discharge
Elimination System (NPDES) (1983): Establish regulatory requirements for general permit
programs in NPDES, pretreatment programs, stormwater discharge, water transfers, and con-
centrated animal feeding operations (CAFOs).

40 CFR Part 123—State Program Requirements (1983): Specify the procedures for the U.S.
EPA in reviewing, approving, and withdrawing State programs, and the requirements State
programs must meet to be approved by the U.S. EPA.

40 CFR Part 125—Criteria and Standards for the National Pollutant Discharge Elimination
System (NPDES) (1979): Establish criteria and standards for the treatment requirements
and effluent discharge limits in the NPDES permits under.

40 CFR Part 130—Water Quality Planning and Management (1985): Establish policies and
program requirements for water quality planning and management under Section 303 of
the CWA, including water quality standards (WQS), water quality monitoring, water quality
management plans, water quality report, total maximum daily loadings (TMDL), and individ-
ual water quality-based effluent limitations.

40 CFR Part 131—Water Quality Standards (1983): Describe the requirements and procedures
for establishing water quality standards (WQS) under Section 303(c) of the CWA.

40 CFR Part 132—Water Quality Guidance for the Great Lakes System (1995): Establish the
water quality guidance for the Great Lakes system.

40 CFR Part 133—Secondary Treatment Regulation (1984): Provide information on the level of
effluent quality attainable through the application of secondary or equivalent treatment.
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h. 40 CFR Part 136—Guidelines Establishing Test Procedures for the Analysis of Pollutants (1973):
Provide approved methods, alternative testing procedures, and method modifications, and
analytical requirements for Permit Applications and Reporting under National Pollutant Dis-
charge Elimination System (NPDES), including Whole Effluent Toxicity Test Methods.

i. 40 CFR Part 403—General Pretreatment Regulations for Existing and New Sources of Pollution
(1981): Establish responsibilities to implement National Pretreatment Standards to control
pollutants which may interfere with the treatment processes in publicly owned treatment
works (POTWs) or contaminate sewage sludge.

j. 40 CFR Part 412—Concentrated Animal Feeding Operations (CAFO) Point Source Category
(2003): Establish regulatory requirements for discharges of manure, litter, and/or process
wastewater from applicable CAFOs.

k. 40 CFR Part 449—Airport Deicing Point Source Category (2012): Establish regulatory require-
ments for discharges of pollutants from deicing operations at Primary Airport.

1. 40 CFR Part 450—Construction and Development Point Source Category (2009): Establish reg-
ulatory requirements for discharges from construction activity required to obtain NPDES
permit coverage.

m. 40 CER Part 503—Standards for the Use or Disposal of Sewage Sludge (1993): Establish stan-
dards, including general requirements, pollutant limits, management practices, and opera-
tional standards, for the final use or disposal of sewage sludge generated during the
treatment of domestic sewage in a treatment works.

n. Combined Sewer Overflow (CSO) Control Policy (1994): Provide a national framework for con-
trol of CSOs through the NPDES permitting program (59 FR 18688, April 19, 1994).

6.3.4 Characteristics of Wastewater and Degree of Treatment

Reliable estimates of wastewater characteristics are important to design the treatment facilities. The char-
acteristics of wastewater are developed in terms of flow conditions, and physical, chemical, and biological
quality. The wastewater characteristics data are needed for the initial year and for the design year. The data
includes minimum, average, and maximum dry weather flows; peak wet weather flows; sustained maxi-
mum flows; and chemical parameters such as BODs, TSS, pH, TDS, nitrogen, phosphorus, and toxic
chemicals. Chapters 4 and 5 are devoted exclusively to develop wastewater characteristics.

The degree of treatment is determined based on the influent characteristics to the plant and the effluent
quality required. If the effluent is discharged into the natural water, it should comply with NPDES permit
requirements. If used for irrigation, the plant effluent must also satisfy the health regulations governing the
types of crops that are irrigated. Other effluent uses such as recreational lakes, agricultures, industrial, and
municipal may dictate the effluent quality and thus the degree of treatment.

EXAMPLE 6.11: WASTEWATER CHARACTERISTICS AND DEGREE OF
TREATMENT

The wastewater characteristics data of a canning industry is given in Example 5.60. The pretreatment reg-
ulations require that the industrial wastewater discharged into municipal sewer must comply with the fol-
lowing standards: BODs < 180 mg/L, COD < 400 mg/L, TSS <220 mg/L, TN <40 mg/L, ON <20
mg/L, AN <20 mg/L, and TP < 6 mg/L. Calculate the degree of treatment required in mg/L, percent,
and kg/d. Average flow = 1500 m’/d.

Solution

Tabulate the influent characteristics of the canning industry (Example 5.60), the pretreatment standards,
and degree of treatment in mg/L, percent, and kg/d.
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Degree of Pretreatment Required

Influent Pretreatment - -
Constituents Concentration,  Standards, Concentration Removal Loading

mg/L mg/L Removed, Efficiency, Rate,
mg/L % kg/d

BOD; 1200 180 1020 85° 1530°¢
COD 2400 400 2000 83 3000
TSS 1800 220 1580 88 2370
N 60 40 20 33 30
ON 44 20 24 55 36
AN 16 20 0 0 0
TP 18 6 12 67 18

* (1200—180) mg/L = 1020 mg/L.
® (1020 mg/L)/(1200 mg/L) x 100 = 85%.
€ 1020 g/m> x 1500 m*/d x 10> kg/g = 1530 kg/d.

6.3.5 Treatment Processes, Process Diagrams, and Equipment

Unit Operations and Processes: Municipal wastewaters contain approximately 99.9% water. Wastewater
treatment facilities are designed to process liquid and solids streams. The small fraction of solids in the
bulk liquid includes organic and inorganic suspended and dissolved solids.

Wastewater treatment units for bulk liquid and sludge generally fall into two broad divisions: unit oper-
ations and unit processes. In the unit operations, the treatment or removal of contaminants is brought
about by the physical forces. In the unit processes, however, the treatment occurs predominantly due
to chemical and biological reactions. Often the terms “unit operations” and “unit processes” are used inter-
changeably because many processes are integrated combinations of operations serving a single primary
purpose. As an example, activated sludge combines mixing, gas transfer, flocculation, and biological phe-
nomena to remove biodegradable organics.

Process Diagram: Wastewater treatment plants utilize a number of unit operations and processes to
achieve the desired degree of treatment. The collective treatment schematic is called a flow scheme, process
diagram, flow sheet, process trains, or flow schematic. Many different process trains can be developed from
various unit operations and processes for the desired degree of treatment. However, the most desirable
process train is the one that is most cost-effective.

Equipment Selection: Every wastewater treatment facility utilizes manufactured equipment or materi-
als. In fact, many design details are often governed by the dimensions and installation requirement of the
selected equipment. The design engineer must review the design standards, design procedure, and design
assumptions; conduct preliminary design calculations; and study the manufacturers’ online catalogs. It is
necessary for the design engineer to work closely with the equipment supplier to ensure that the equip-
ment selection is best for the specific application. Treatment processes and process diagrams are further
covered in subsequent sections of this chapter.

Reactor Types Used in Wastewater Treatment: Wastewater treatment is usually achieved in tanks
or reactors in which physical, chemical, and biological changes occur. The principal types of reactors used
for wastewater treatment are (1) batch reactor (BR), (2) tubular-flow or plug-flow reactor (PFR), (3) com-
plete-mixed or continuous-flow stirred-tank reactor (CFSTR), and (4) arbitrary-flow reactor.>® Each of these
reactors and numerous theory and design examples have been presented in Chapter 3.

Connecting Conduits, Pumping Units, Flow Measurement, and Flow Equalization: Wastewater
treatment plants utilize connecting conduits, pumping units, flow measurement, and flow equalization. Basic
information about these components is provided in Table 6.6. Discussion of plant hydraulic conditions is
presented in Section 6.3.7 while development of plant hydraulic profile is described in Section 6.3.8.
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TABLE 6.6 Connecting Conduits, Pumping Units, Flow Measurement, and Flow Equalization

Component

Description

Reference

Connecting conduits

Pumping station (PS)

Flow measurement (FM)

Flow and mass
equalization (EQ)

Many types of pipes and channels are provided at a treatment plant to convey
wastewater from upstream to downstream units. These conveyance systems are
mostly open channels, partially flowing circular sewers, and pressure pipes.

Treatment plants are normally located at a low point in order to provide gravity
flow into the collection systems. At the plant site, the wastewater is pumped to
an adequate height to achieve flow by gravity through the various treatment
units. Pumping is also needed to remove grit; primary sludge; waste and return
sludge, thickened and digested sludge; and deliver chemical solutions.

Measurement of wastewater flow, sludge, and chemical solutions at wastewater
treatment facilities is essential for plant operation, process control, and record
keeping. The flow measurement devices may be located in the interceptor
sewer, after the pumping station, or at any other location within a plant.

Flow and mass equalization is simply the damping of the flow rate and mass-
loading variations. With flow equalization, the plants can be designed and
operated under a nearly constant ideal flow and mass-loading condition. This
minimizes shock and achieves maximum utilization of the facilities.

Section 6.3.7

Section 6.3.7

Section 6.3.7

Section 6.3.7

Treatment Levels of Bulk Liquid: At the present time, most common practice is to group several unit oper-
ations and processes to achieve the desired levels of treatment. These levels of treatment are (1) preliminary, (2)
primary, (3) secondary, and (4) advanced. These levels of treatment are summarized in Table 6.7.

Bulk Liquid Treatment Systems: A number of treatment processes are used in combination to achieve
various levels of treatment. A summary of different unit operations and processes considered in the design
of preliminary, primary, secondary, and advanced treatment facilities is provided in Table 6.8.

Sludge Processing and Disposal: Safe handling and disposal of residues produced at a wastewater treat-
ment plant is of equal importance. The residues include screenings, grit, scum, primary and secondary

TABLE 6.7 Levels of Wastewater Treatment

Treatment Level

Description

Reference

Preliminary

Primary

Conventional primary

treatment (or primary

Gross solids (large objects) such as rags, floatables, trash, and grit that Chapters 7 and 8

may cause equipment damage or operation and maintenance
problems are removed in preliminary treatment. Unit operations
such as screening and grit removal are part of preliminary treatment.

In conventional primary treatment, the settleable organic and Chapter 9

inorganic solids are settled, and floatable matter is skimmed from

clarifier) the surface.
Chemically enhanced Chemicals are added before sedimentation to enhance the removal ~Chapter 9
primary treatment (CEPT)  of settleable and suspended solids.
Secondary
Conventional Dissolved and suspended biodegradable organics are removed. Chapters 10 and 11
Disinfection is normally included at this level of treatment.
Conventional with nutrient ~ Dissolved and suspended biodegradable organic matter and Chapters 10 and 11
removal nutrients (nitrogen or phosphorus or both) are removed.
Disinfection is normally included at this level of treatment.
Advanced Dissolved and suspended organic and inorganic materials including Chapter 15

nutrients are removed. These constituents are normally not
removed in the secondary treatment. This level of treatment is
normally required where reuse of wastewater effluent becomes an
important factor in water resource planning.
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TABLE 6.8 Major Unit Operations and Processes Applied to Bulk Liquid Treatment

Unit No. Unit Operation and Principal Removal Reference
Process (UO and UP) Application Achieved, %

A Screening Racks or bar screens are normally the  Ignorable removal Chapter 7 and
first step in wastewater treatment. They Section 9.7
are used to remove large objects for
pretreatment. Fine screens are also
provided for removal of smaller objects
including grit and organic matter for
pretreatment and/or primary
treatment.

B Grit removal As a pretreatment process, grit removal ~Small removal Chapter 8
facility removes heavy materials such as
gravel, sand, cinder, eggshell, and like.

C Primary clarifier The main purpose of primary BODs and COD  Chapter 9

(or sedimentation) sedimentation is to remove settleable =20-40
and floatable inorganic and organic TSS = 50-70
solids. Fine screens are also used in lieu TP = 10-20
of primary clarifier, especially prior to a ON = 20-30
membrane bioreactor (MBR) process. AN =0

D Coagulation and chemical Coagulation and chemical precipitation BODs and COD  Chapters 9

precipitation involves addition of chemicals, and =40-70 and Section
rapid mixing (RM) or dispersion, TSS =50-80 15.4.2
followed by flocculation (FLOC) and TP = 70-90
sedimentation. The process is used for ~ON = 70-95
enhanced removal of TSS, BODs, and AN =0
TP. Commonly used chemicals are
alum, iron salts, polymers, and lime in
one or two stages.
E Conventional suspended The process is used to remove dissolved BODs and COD  Section 10.3
growth aerobic biological organics. Air is supplied for oxygen =85-95
reactor (activated sludge) transfer into the liquid phase. TSS = 80-90
Clarification of effluent is needed to TP =10-25
separate biomass from the effluent and ON = 60-85
return sludge to maintain a desired level AN =8-15
of mixed liquor suspended solids High NO;-N in
(MLSS) concentration in the reactor. the effluent
Principal variation is activated sludge
process.
F Attached growth aerobic The process is used to remove dissolved BODs and COD  Section 10.4.1
biological reactor organics. The wastewater is trickled over = 60-80
(trickling filter) a fixed media which contains the TSS = 60-85
biomass. Biofilm removes organics. TP =8-12
Effluent is clarified to remove biomass. ON = 60-80
Principal variation is a trickling filter. AN =8-15
High NO;-N
in the effluent
G Rotating biological RBC also called biodiscs consists of BODs and COD  Section 10.4.1

contactor (RBC)

circular plastic plates or disks mounted
over a shaft that slowly rotates, and
partially submerged in a tank that
alternatively substrate and air. The
biological growth occurs over the disks.
Effluent is clarified.

= 60-80
TSS = 60-85
TP =8-12
ON = 60-80
AN =8-15
High NO;-N
in the effluent

(Continued)
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Unit No. Unit Operation and Principal Removal Reference
Process (UO and UP) Application Achieved, %
H Combined attached and Combined attached and suspended BODs and COD  Sections
suspended growth process growth process is developed by =80-95 10.4.2
integrating an attached growth process TSS = 80-90 and 10.4.3
into a conventional suspended growth TP =10-25
aerobic reactor. The overall biological ~ ON = 60-85
treatment performance is improved. AN =8-15
The primary variations are trickling High NO;-N in
filter/solids contact (TF/SC), activated  the effluent
biofilter (ABF), integrated fixed-film
activated sludge (IFAS), and moving bed
bioreactor (MBBR). Single- or
multistage clarifier may be required for
clarification and solids return.
I Suspended growth anaerobic The suspended growth anaerobic BODs and COD  Section 10.5
biological reactor treatment process is carried out in an =75-90
airtight and mixed reactor, with or TSS = 80-90
without heating. The process is suitable TP =8-12
for treatment of medium to high ON = 50-70
strength industrial wastes. Biogas is High AN in the
produced. The principal variations effluent
include (1) anaerobic contact process
(ACP) followed by solids separation and
return, and (2) upflow anaerobic sludge
blanket (UASB) process with an
integrated gas—solids-liquid separation
zone on top of the reactor.
] Nitrification Nitrification process converts most of ~ ON = 75-85 Section 10.6.1
AN to nitrate nitrogen. It is achieved in AN = 85-95
suspended or attached growth biological High NO3-N in
reactors. Nitrification can be carried out  the effluent
in a single-stage aerobic reactor in
conjunction with carbonaceous BOD
removal, or in a separate stage aerobic
reactor after BOD removal. Ammonia-
oxidizing bacteria (AOB) oxidize
ammonia to nitrite, while nitrite-
oxidizing bacteria (NOB) oxidize nitrite
to nitrate.
K Denitrification Nitrate and nitrite are reduced to TP =5-10 Section 10.6.2
nitrogen by microorganisms under NO;-N and NO,-
anoxic condition, and in presence of a N =90-100
suitable carbon source such as ready
biodegradable organics in the influent or
methanol as supplement an external
carbon source.
L Enhanced biological phosphorus  Removal of phosphorus is achieved by TP =70-90 Section 10.7

removal (EBPR)

polyphosphate accumulating organisms
(PAO) in a specially arranged
configuration. Phosphate is released in
an anaerobic zone, followed by uptake
aeration basin.

(Continued)
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TABLE 6.8 (Continued) Major Unit Operations and Processes Applied to Bulk Liquid Treatment

Unit No. Unit Operation and Principal Removal Reference
Process (UO and UP) Application Achieved, %

M Continuous flow biological The process uses multiple reactors BODs and COD  Sections 10.8
nutrient removal (BNR) using utilizing anaerobic, anoxic, and aerobic = 90-95 and 15.4.1
combined anaerobic, anoxic and  sequence, sedimentation, and return TSS =90-95
aerobic reactors sludge and internal recirculation lines. TP =70-90

The process has capabilities to enhance ON = 70-95
biological phosphorus and nitrogen AN =90-99
removal. NO;-N =4-8
mg/L
in the effluent

N Sequential batch reactor (SBR) for This is a fill-and-draw or continuous BOD; and COD  Section 10.8
biological nutrient removal flow-activated sludge process. It utilizes = 90-95
(BNR) essentially the same principle as in a TSS =90-95

plug flow continuous system. The filling, TP = 70-90

decanting, and refilling operations are ~ ON = 70-95

arranged so that anaerobic, anoxic, and AN = 90-98

aerobic conditions develop for enhanced NO;-N = 4-8

biological phosphorus and nitrogen mg/L

removal along with BODs and TSS in the effluent

removals. The process is capable of

achieving significantly higher effluent

quality than that is achieved in a

secondary treatment plant.

¢} Secondary (or final) clarifier Secondary or final clarifier is used in It is typically Section 10.9

conjunction with biological or chemical included as an

treatment processes to remove the integral part of a

biological and chemical floc. suspended
growth biological
reactor system.

P Disinfection Disinfection is used to destroy water No removal of Chapter 11

borne pathogens in the effluent. chemical
Common methods of disinfection are constituents.
UV radiation, ozonation, chlorination,  Pathogens and
and other chemicals. Chlorination is the  coliform
most common method of disinfection.  organisms are
Chlorine residual in effluent causes destroyed.
toxicity in the receiving water. For this
reason, dechlorination is used to destroy
the chlorine residual in the effluent.
Q Natural systems Many natural systems such as pond BODs = 50-90 Section 15.3
processes, land treatment systems, and COD = 40-90
natural and constructed wetlands are ~ TSS = 50-80
utilized for complete treatment or for TP = 60-90
polishing of final effluent from ON = 60-90
secondary treatment plants. AN = 85-95
R Ammonia stripping Ammonia gas is stripped from the AN = 60-95 Section 15.4.5

wastewater in a stripping tower. High
pH is necessary for stripping of
ammonia. Other volatile organic
compounds are also removed with
ammonia stripping.

(Continued)
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TABLE 6.8 (Continued) Major Unit Operations and Processes Applied to Bulk Liquid Treatment

Unit No. Unit Operation and Principal Removal Reference
Process (UO and UP) Application Achieved, %

S Filtration and microstraining Filtration is used to polish the secondary BOD;s = 30-60 Sections
effluent by removing TSS and turbidity COD = 0-50 15.4.6 and
as tertiary treatment, and for effluent ~ TSS = 60-80 15.4.7
reuse. Microstrainers are also used for TP =20-30
this purpose, and to remove algae from ON = 50-70
stabilization pond effluent. AN=0

T Carbon adsorption Carbon adsorption is used to remove BODs = 50-80 Section 15.4.8
refractory and other nonbiodegradable COD = 50-85
organics from wastewater effluent. Both TSS = 40-80
powdered activated carbon (PAC) and TP =10-30
granular activated carbon (GAC) ON = 30-50
columns are used. AN=0

U Ion exchange Ion exchange is a demineralization TDS =70-95 Section 15.4.9
process to remove dissolved solids from BOD;5, COD, TSS,
the effluent. It is also used to selectively TP, and ON
remove ammonia in a bed of removal is small.
clinoptilolite, a zeolite resin. AN =85-95 in

clinoptilolite bed
A% Microfiltration (MF) and These are membrane processes that are  TSS = 90-95 Section
ultrafiltration (UF) primarily used to achieve high quality 15.4.10
solids separation. Clarification and/or
filtration of feed flow is not required.

w Membrane bioreactor (MBR) Membrane bioreactor (MBR) processisa BODs = 95-99 Section
modified suspended growth biological =~ TSS = 90-95 15.4.10
system. In this process, clarification TP =90-95
replacing clarifier with an integrated ON = 85-95
MF/UF membrane module is used for AN = 30-50
direct solids separation inside the
aeration basin.

X Nanofiltration (NF) As a partial demineralization process, TDS = 40-70 Section
this membrane process is normally used 15.4.10
for softening or reduction of TDS.

Y Reverse osmosis (RO) This is a demineralization process capable TDS = 80-95 Section
of producing high quality reclaimed BODs, COD, TSS,  15.4.10
water from the effluent. The water is TP, and ON
permeated through semipermeable removal =
membranes at high pressure. The reject ~ 90-100
stream or brine contains high AN = 60-90
concentration of dissolved solids.

Z Electrodialysis (ED) It is a demineralization process. Electrical TDS = 70-95 Section
potential is used to transfer the cations BODs and COD 15.4.10
and anions through ion selective = 20-60
membranes. An effluent stream that is TP = 90-100
low in dissolved solids, and brine stream ON = 80-95
containing high salt content are thus AN = 30-50

produced.

Source: Adapted in part from Reference 15.

sludges, solids generated from coagulation and chemical precipitation, backwash wastes of filtration, and
concentrates from membrane processes. The screenings, grit, and scum are generally disposed of by land

filling. The sludge solids offer complex processing and disposal problems.

Quantity of Residues: The quantities of residues produced in different treatment processes at a waste-

water treatment plant are summarized in Table 6.9.
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TABLE 6.9 Quantity of Residues Produced at a Secondary Wastewater Treatment Plant
Residue Quantity Description Reference
(a) Screenings 0.02-0.075 m*/10°> m* Coarse solids. Disposal by land filling. Chapter 7
Often comminuted.
(b) Grit 0.005-0.05 m*/10°> m’ Heavy inorganic solids. Disposal by land filling. Chapter 8
(c) Primary sludge 100-165 g/m’ (135 g/m®) 1-6% solids. Offensive odors. Needs processing. Chapter 9
(d) Scum 8 g/m’ Odorous. Disposal by land filling. Chapter 9
() Chemical precipitation sludge 80-300 g/m> (200 g/m?®)  3-4% solids. Needs processing. Chapter 9
(f) Single-stage lime sludge 500-600 g/m’ 2-5% solids. Needs processing. Chapter 9
(g) Two-stage lime sludge 800-1000 g/m’ 4-5% solids. Needs processing. Chapter 9
(h) Waste activated sludge (WAS) 50-100g/m?® (70 g/m®)  0.3-2.0% solids. Needs processing. Chapter 10
(i) Single-stage nitrification sludge 60-100 g/m’ 0.8% solids. Needs processing. Chapter 10
(j) Separate-stage nitrification 10-12g/m’ 0.8-1% solids. Needs processing. Chapter 10
sludge
(k) Separate-stage denitrification ~ 10-12 g/m’ 0.8-1% solids. Needs processing. Chapter 10
sludge
(1) Chemical-biological sludge 100-150 g/m’ (120 g/m®) 0.8-1% solids. Needs processing. Chapter 15
(m) Filter backwash waste 0.02-0.05 m>/m’ Needs processing. Chapter 15
(n) Granular activated carbon 0.01-0.03 m>/m’ Needs processing. Chapter 15
(GAC) backwash waste
(0) MF/UF membrane backwash 0.05-0.15 m*/m’ Needs processing. Chapter 15
waste
(p) NF/RO membrane brine 0.1-0.4m’/m’? Needs processing. Chapter 15

(or concentrate or reject)

Note: g/m’ x 8.35=1b/MG; m>/10° m® x 134 = ft/MG; and m*/m> x 134,000 = ft*/MG.

Source: Adapted in part from Reference 15.

EXAMPLE 6.12: IDENTIFICATION OF UNIT OPERATIONS AND UNIT

PROCESSES

Table 6.8 contains basic information on 26 unit operations (UOs) and unit processes (UPs) used for treat-

ment of bulk liquid at municipal wastewater treatment plants. List separately these UOs and UPs.

Solution

Arrange separately UOs and UPs.

Using unit numbers in the Table 6.8 list separately the unit operations and unit processes.

UOs UPs
ABCO DEFG
RSV HIJK
XY LMN P
Z QTUW
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EXAMPLE 6.13: SECONDARY PLANT PROCESS DIAGRAM

Draw the typical process diagram of a secondary wastewater treatment plant. Indicate all unit operations
and processes and residuals generated at each unit. Use the system or unit numbers in Tables 6.6, 6.8,
and 6.9.

Solution

1. Draw the process diagram (Figure 6.5).

Effluent

Return activated sludge

(h)

y v
Raw Side stream .
wastewater FL/_ | Thickener
(PS) Side stream Digester

Side stream Dewatering

Sludge cake

FIGURE 6.5 Process diagram of a secondary wastewater treatment plant (Example 6.13).
2. Indicate the unit operations and processes, and residuals streams.

The unit operations and processes for liquid treatment are named in accordance with the number-
ing system used in Tables 6.7 and 6.8. The residual streams are indicated by lower case alphabets using
Table 6.9.

A =Bar screen, and (a) = screenings (large object)

(PS) = Pumping station

FM) = Flow Measurement

= Grit removal, and (b) = grit or heavy objects

= Primary clarifier, (c) = primary sludge, and (d) = scum
= Conventional suspended growth biological reactor

= Final clarifier, (d) = scum, and (h) = WAS

= Disinfection by chlorination and dechlorination

—~

vo MmO W

EXAMPLE 6.14: EFFLUENT QUALITY FROM A SECONDARY WASTEWATER
TREATMENT PLANT

Municipal wastewater is treated at a secondary wastewater treatment plant. The raw wastewater has the

following characteristics: BODs = 210 mg/L, COD = 400 mg/L, TSS =230 mg/L, TP = 6 mg/L, ON =

15 mg/L, and AN = 30 mg/L. The performance of various units in terms of key constituents is given in

Table 6.8. Use the midpoint removal efficiency to estimate the potential effluent quality.
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1. Tabulate the midpoint removal efficiencies given in Table 6.8 of different units of a secondary waste-

water treatment plant.

Percent Removal, %
Unit

BOD; COD TSS TP ON AN

Bar screen 0 0

Grit removal 0 0 0 0 0 0

Primary 33 30 60 15 25 0
sedimentation

Activated sludge 90 90 85 18 73 12

Disinfection 0 0 0 0 0 0

2. Determine the effluent quality.

The calculation procedure for estimating BODs in the effluent is given below as an example:

Primary sedimentation BODs removal = 30%

BOD:; in the effluent from primary sedimentation facility = (1 — 0.3) x 210 mg/L
= 0.7 X 210 mg/L = 147 mg/L

BOD:s in the effluent from activated sludge facility =~ = (1 — 0.9) x 147 mg/L =0.1 x 147 mg/L

= 15mg/L
The effluent quality in terms of other parameter is summarized below:

BOD; = 15 mg/L

COD = (1 —0.3) x (1 — 0.9) x 400 mg/L = 0.07 x 400 mg/L = 28 mg/L
TSS =(1-0.6) x (1 —0.85) x 230 mg/L = 0.06 x 230 mg/L = 14 mg/L
TP =(1-0.15) x (1 —0.18) x 6 mg/L=0.70 x 6 mg/L =4 mg/L

ON =(1-0.25)x (1 —0.73) x 15mg/L=0.20 x 15mg/L =3 mg/L
AN =(1-0) x (1—0.12) x 30 mg/L = 0.88 x 30 mg/L = 26 mg/L

EXAMPLE 6.15: SEQUENCING BATCH REACTOR PROCESS FOR BIOLOGICAL

NUTRIENT REMOVAL (BNR)

A wastewater treatment plant is designed without a primary sedimentation basin. It has a sequencing

batch reactor process for BNR. Draw the process train and estimate the potential effluent quality. The

raw wastewater quality is the same as that given in Example 6.14.

Solution

1. Draw the process diagram (Figure 6.6).

2. Identify the treatment units and residuals streams using the system or unit numbers in Tables 6.6, 6.8,

and 6.9.

A =Bar and fine screens, and (a) = screenings

(PS) = Pumping station

(FM) = Flow measurement

B = Grit removal, and (b) = grit

N = Sequencing batch reactor for BNR, (d) = scum, and (h) = WAS
P = Disinfection
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P > - Effluent

Raw
wastewater

(PS)

FIGURE 6.6 Process diagram of a sequencing batch reactor process for biological nutrient removal
(Example 6.15).

3. Determine the effluent quality.

BODs = (1 — 0.93) x 210 mg/L = 0.07 x 210 mg/L = 15 mg/L
COD = (1 —0.93) x 400 mg/L = 0.07 x 400 mg/L =28 mg/L
TSS =(1—-0.93) x 230 mg/L = 0.07 x 230 mg/L = 16 mg/L
TP =(1-0.8) x 6mg/L=0.2 x 6mg/L=1mg/L

ON =(1-0.83) x 15mg/L=0.17 x 15mg/L =3 mg/L
AN =(1-0.94) x 30 mg/L =0.06 x 30 mg/L =2mg/L

EXAMPLE 6.16: SECONDARY TREATMENT WITH EFFLUENT POLISHING FOR
INDUSTRIAL REUSE

A secondary wastewater treatment plant is designed for effluent polishing for industrial reuse. Gravity
filtration and carbon adsorption units are provided to polish the effluent from the secondary plant.

Draw the process diagram, and estimate the effluent quality after post filtration and disinfection. The
raw wastewater quality is the same as given in Example 6.14.

Solution
1. Draw the process diagram (Figure 6.7).
2. Identify the units and residuals streams using the system or unit numbers in Tables 6.6, 6.8, and 6.9.

A =Screen, and (a) = screenings
(PS) = Pumping station

(a)
Ia
Raw -
wastewater

FIGURE 6.7 Gravity filtration and carbon adsorption to polish secondary treated effluent for industrial
reuse (Example 6.16).

Effluent to
reuse

Surge
(PS) tank
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(FM) = Flow measurement

= Grit removal, and (b) = grit

= Primary clarifier, (c) = primary sludge, and (d) = scum
= Conventional suspended growth biological reactor

= Final clarifier, (d) = scum, and (h) = WAS

= Gravity filter, and (m) = filter backwash waste

= GAC, and (n) = GAC backwash wash

= Disinfection

YH YO WO W
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Note: Large flows are generated over a short period during the backwash of gravity filter and GAC

column. A surge (or balancing) tank is necessary to reduce the slug flows, and return a uniform flow to

the plant.
3. Determine the effluent quality.
The effluent quality is established from the removal efficiency of each unit.

BOD; = (1 —0.3) x (1 —0.9) x (1 —0.45) x (1 — 0.65) x 210 mg/L = 0.013 x 210 mg/L = 3 mg/L

COD = (1-0.3) x (1 —0.9) x (1 —0.25) x (1 — 0.68) x 400 mg/L = 0.017 x 400 mg/L = 7 mg/L
TSS =(1-10.6) x (1 —0.85) x (1 —0.7) x (1 —0.6) x 230 mg/L = 0.007 x 230 mg/L =2 mg/L
TP =(1—0.15) x (1 — 0.18) x (1 — 0.25) x (1 —0.2) x 6 mg/L = 0.42 x 6 mg/L = 3 mg/L

ON =(1-025)x (1 —0.73) x (1 —0.6) x (1 —0.4) x 15mg/L=0.049 x 15mg/L=1mg/L
AN =(1-0)x(1—-0.12) x (1—-0)x (1—0) x 30mg/L=0.88 x 30 mg/L =26 mg/L

EXAMPLE 6.17: COAGULATION AND CHEMICAL PRECIPITATION

Chemically enhanced primary treatment (CEPT) is applied to remove key constituents prior to additional
treatment processes at a wastewater treatment plant. Draw the process train and describe the

processes utilized.

Solution

1. Draw the process train of the physical-chemical treatment facility (Figure 6.8).
2. Identify the treatment units using the system or unit numbers in Tables 6.6 and 6.8.
A =Bar screen, and (a) = screenings (FLOC) = Flocculation
(PS) = Pumping station C = Primary clarifier, (c) = primary
sludge, (d) = scum, and (e) chemical
precipitation sludge

(FM) = Flow measurement D = Coagulation and chemical precipitation

B = Grit removal, and (b) = grit
(RM) = Rapid mix

Note: (RM), (FLOC), and C may also be collectively identified as unit process D in Table 6.8.

D >

(a)
A

Raw > I =
wastewater

(c) and (e)

(PS)

FIGURE 6.8 Process train of a chemically enhanced primary treatment (CEPT) facility (Example 6.17).

Chemical -
B (RM) (FLOC) C @
_______________ Additional

treatment at
the plant
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3. Describe the process diagram.

a. Bar screen removes the large objects. The wastewater is pumped into a grit removal facility to
remove settleable heavy solids. A flow measurement device is used to record influent flow.

b. The chemical addition is achieved in a rapid mix unit. High speed mixer disperses the chem-
icals in 1-2 min. Pinhead floc develops in this unit. In the flocculation basin, the contents are
mixed slowly. The pinhead floc grows to a large and settleable size.

c. The floc is settled in the primary clarifier and effluent is sent to additional treatment at
the plant.

d. Enhanced BODs, COD, TSS, TP, and ON removals occurs. Removals expected are: BODs and
COD = 40-70%, TSS = 50-80%, TP = 70-90%, ON = 50-90%, and AN = 0.

e. Due to chemical precipitation, large quantity of sludge is produced (see Table 6.9). Sludge with
chemical precipitates is usually difficult to handle.

EXAMPLE 6.18: HIGH QUALITY EFFLUENT FOR REUSE

An industrial plant is planning to use wastewater effluent for process water. Effluent from a secondary
wastewater treatment plant is further treated by a membrane process to achieve partial demineralization.
Describe the treatment processes.

Solution

1. Describe pretreatment process train using the unit numbers from Table 6.8.

The secondary wastewater treatment plant utilizes bar screen (A), grit removal (B), primary clarifier
(C), aeration basin and final clarifier (E and O) to remove the dissolved organic maters and most sus-
pended solids. The effluent is filtered (S) before the combined UF/NF membrane process (V and X)
is applied.

2. Describe the membrane process.

Membrane processes are used to remove contaminants by sieving, straining, rejection and exclu-
sion, and diffusion. Based on pore size, membrane processes are classified as nanofiltration (NF),
reverse osmosis (RO), and electrodialysis (ED).

MEF and UF are only used for high-quality solids separation without demineralization. They are also
the required pretreatment before NF or RO is applied.

NF is typically used for modest level of demineralization, including softening and reduction of TDS.

RO has the highest material rejection capacity. It is mostly used for demineralization for industrial
water supply, and/or for production of potable water from sea or brackish water.

ED is also an effective process for demineralization and production of potable water from
brackish water.

Note: Theory and design information of membrane processes is presented in Chapter 15.

Residue Processing: Many processes are used to concentrate, stabilize, and dewater the sludge. Sludge
processing and disposal costs are high; often exceed the cost of processing, which is 99.9% volume of the
bulk liquid. The conventional sludge processing methods include sludge thickening, stabilization, chem-
ical conditioning, and dewatering. In recent years, many emerging sludge processing technologies have
also been developed to recover valuable byproducts from sludge more completely, while reducing the
quantity of sludge more efficiently. These conventional and emerging technologies and disposal methods
are described in Table 6.10.

Process Diagram for Sludge Management: The process diagram of a sludge management facility
generally has thickener, digester, dewatering, and disposal of sludge cake. Proper selection of the sludge
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processing equipment is important for efficient operation of a wastewater treatment facility. Sludge is quite
odorous and may cause serious environmental problems.

The liquid streams (also called side stream) that are generated at each stage of concentration of solids

must also be treated. Normally, all side streams are returned to the head of the plant. The side streams
usually contain high concentrations of suspended solids and BOD. Often, equalization facilities are
provided to distribute the hydraulic and material loading over 24 h of operation. To predict the incremen-
tal loadings due to returned flows, material mass balance at average design flow is performed to determine
the final loadings to the plant.

TABLE 6.10 Unit Operations and Processes Used for Sludge Processing and Disposal

Unit No.

UO and UP

Description

Reference

Al

A2

A3

A4

A5

Bl

B2

B3

B4

Conventional Technologies for Sludge Processing

Sludge thickening

Gravity thickening

Dissolved air flotation (DAF)

Centrifuge

Gravity belt

Rotary drum

Sludge stabilization

Anaerobic digestion

Aerobic digestion

Chemical

Heat or thermal

Thickening of sludge is done to concentrate solids and
reduce volume.

Used to thicken the primary, secondary, and combined
sludges. The solids concentration in raw and thickened
sludge is 1-7% and 5-10%. Solids capture is 85-95%.

Used to thicken secondary and combined sludges. Chemical
conditioning is needed. The solids concentrations in raw
and thickened sludge are 0.2-3% and 4-6%. Solids capture
is 85-95%.

Used to thicken primary, secondary, and combined sludges.
Chemical conditioning is needed. The solids concentrations
in raw and thickened sludge are 0.2-4% and 3-5%. Solids
capture is 85-95%.

Used for thickening of secondary sludge. The sludge is held
over a porous horizontal belt. Free water drains by gravity.
Chemical conditioning is needed. The solids concentrations
in raw and thickened sludge are 0.3-4% and 3-5%. Solids
capture is 80-90%.

Used for thickening of secondary and combined sludge.
They consist of media covered drum that rotates slowly.
Free water drains. Chemical conditioning is needed. The
solids concentrations in raw and thickened sludge are
0.2-3% and 3-5%. Solids capture is 85-95%.

Used to reduce pathogens and offensive odors, and
condition the solids for dewatering.

Sludge is digested under anaerobic condition. Methane is
recovered as an energy source. Volatile solids are reduced
by 48-60%.

Sludge is aerated for extended period (10-15 days). Small
plants use this option. Volatile solids are reduced by
40-50%.

Oxidative chemicals such as chlorine, ozone, or hydrogen
peroxide are used. Excess lime is also used to raise the pH to
12. There is no destruction in organic matter. Solids content
in chemically treated sludge is increased particularly with
lime.

High temperature condition is provided to destroy gel
structure and coagulate solids.

Section 13.5

Section 13.5.1

Section 13.5.2

Section 13.5.3

Section 13.5.4

Section 13.5.5

Section 13.6

Section 13.6.1

Section 13.6.2

Section 13.6.3

Section 13.6.4

(Continued)
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TABLE 6.10 (Continued) Unit Operations and Processes Used for Sludge Processing and Disposal

Unit No. UO and UP Description Reference

C Sludge conditioning Sludge is conditioned to improve its dewatering Section 13.7
characteristics.

C1 Chemical Alum, iron salts, lime, and polymers are the chemicals of ~ Section 13.7.1

choice. There is no reduction in volatile matter. Solids
concentration in sludge is increased after conditioning.

C2 Physical Sludge can be destabilized by heat treatment, freeze and Section 13.7.2
thaw, and elutriation processes.

D Sludge dewatering The process is used to remove water so that sludge cake can ~ Section 13.8
be transported in trucks and applied over land.

D1 Drying beds These are shallow beds of sand. The liquid is removed by an ~ Section 13.8.1
underdrain system and decanting. There are many
variations of drying beds. The solids content in sludge cake
is 20-25%.

D2 Belt-filter press The conditioned sludge is pressed between horizontally or ~ Section 13.8.2

vertically mounted continuous belts. The sludge cake of 20-
25% solids content is produced.

D3 Filter press Conditioned sludge is pressed between the filter sacks held ~ Section 13.8.2
vertically in a frame. This is a batch process. Solids content
of dewatered sludge is 25-35%.

D4 Centrifuge Sticky chemical sludge is dewatered using centrifuge. Solids ~ Section 13.8.2
content in sludge cake is 15-20%.

D5 Vacuum filter The water is removed from a rotary drum. The drum rotates ~ Section 13.8.2
slowly, while partly dipped in conditioned sludge. The
suction created inside the drum pulls the moisture. The
sludge cake has solids content of 20-25%.

Emerging Technologies to Enhance Performance of Conventional Methods and By-products Recovery

E Advanced sludge processing  Sludge is processed to recover phosphorus and protein from  Section 13.10
and by-product recovery the organics, enhance biogas generation in digestion
process, and reduce the quantity of solids for disposal.
These processes are also used for efficient sidestream
treatment.

El Pretreatment of sludge Solubilization of biosolids is achieved by destroying the Section 13.10.1
cellular wall of microorganisms to release the liquid cell
contents. Ozone or ultrasonic destruction methods are
commonly used. Enzyme and thermal hydrolysis processes
are also effective for breaking down the complex organic
molecules into simple and ready oxidizable molecules.

E2 Enhanced anaerobic Pretreatment of sludge by thermal hydrolysis process (THP) ~ Section 13.10.2
digestion allows microorganisms to consume organics more
completely in anaerobic digesters. Thus, biogas generation
is enhanced and the quantity of digested solids is
significantly reduced. Temperature-phased anaerobic
digestion (TPAD) process is also efficient for increasing gas
production.

E3 Nutrient recovery It is now realized that phosphorus is a limited resource. Section 13.10.3
Phosphorus, nitrogen, and potassium are the essential
components of fertilizer. Phosphorus is recovered from
sludge as magnesium-ammonium phosphate also called
struvite (MgNH,PO4-6H,0). After phosphorus recovery,
the quantity of sludge solids for disposal is reduced.

(Continued)
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TABLE 6.10 (Continued) Unit Operations and Processes Used for Sludge Processing and Disposal

Unit No.

UO and UP

Description

Reference

E4

E5

F1

F2

F3

F4

F5

F6

F7

F8

Gl

G2

G3

Protein recovery

Partial nitrification/
anammox (PN/A)

Disposal

Composting

Heat drying

Incineration

Pyrolysis

Wet air oxidation

Recalcination

Biosolids land application

Landfilling

Concentration of waste brine

Concentration by multiple-
stage RO

Solar evaporation

Controlled thermal
distillation

Recovery of protein is achieved by solubilization of
municipal sludge at a pH value around 12.5, followed by
extraction by protein precipitating agents. The nutrient
content in recovered protein is comparable with protein in
commercial animal feed. Reduction in sludge quantity after
protein recovery is very significant.

The single-step deammnonification process is a
breakthrough process for replacing. This is an effective
process for nitrogen removal from sidestreams containing
high ammonia concentration.

Sludge Disposal and Reuse

The sludge is finally disposed off by applying it over land,
landfilling, or by incineration.

Sludge cake is composted and then used as a soil
conditioner. The compost is prepared by aerobic biological
process or by drying the cake at a temperature of ~37°C.

Biosolids is directly or indirectly heated to remove moisture
to produce quality sludge pellets for beneficial reuse.

Incineration involves drying of sludge cake followed by
complete combustion of organic matter. Wet oxidation is
also combustion in liquid phase at high temperature
(200-300°C) and high pressure (5-20 mega-N/m?).

For energy recovery purpose, the organic matter in the
sludge can be converted to combustible gases, oil and tar,
and charcoal in oxygen-free or oxygen-starved atmosphere
at high temperature.

The organic matter is destroyed under high temperature and
high pressure conditions, and residues are physically
separated.

Recalcination process is used to reduce sludge volume, while
recovering lime from sludge that has been chemically
treated at a high lime dosage.

The digested sludge or sludge cake is applied over farmland.
The nutrients are taken up by growing plants.

Raw or digested sludge cake is buried in cells or trenches,
and covered by soil. Daily cover is 15-30 cm, and final cover
is not <60 cm of compacted soil. Proper base construction
is necessary to protect the groundwater from
contamination.

The waste brine produced from NF, RO, ED, and ion
exchange processes create major disposal problem. Proper
concentration methods must be applied before disposal.

Multiple-stage RO system is applied to concentrate the waste
brine to a TDS level of 40-50 kg/m”.

The waste brine is evaporated in open or covered basins to a
desired TDS level.

Multiple-effect distillation with vapor compression and
other methods is used to increase the solids content in the
waste brine.

Section 13.10.3

Section 13.10.4

Section 13.11

Section 13.11.1

Section 13.11.2

Section 13.11.3

Section 13.11.3

Section 13.11.3

Section 13.11.4

Section 13.11.5

Section 13.11.6

Section 15.4.11

Section 15.4.11

Section 15.4.11

Section 15.4.11

(Continued)
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TABLE 6.10 (Continued) Unit Operations and Processes Used for Sludge Processing and Disposal

Unit No. UO and UP Description Reference

H Disposal of concentrated Disposal of concentrated waste brine is a major disposal Section 15.4.11
waste brine problem. Many land- or water-based methods are used.

H1 Disposal in wastewater The disposal of concentrated or unconcentrated waste brine  Section 15.4.11
collection system into the municipal sewer is governed by local ordinance.

H2 Disposal in surface water Discharge of small quantities of waste brine may be Section 15.4.11

H3

H4

allowable in inland waters under NPDES permit. Coastal
facilities use extensively the ocean or saline water. Large
facilities may require deep ocean outfall. NPDES permit
requirements must be met.

Deep-well injection Many oil producing states allow deep-well injection of brine.
Extensive monitoring of injection facilities is required.

Evaporation and land Various types of evaporation devices are used to completely

disposal dry the concentrated brine. The dry residue is sent to land

disposal facilities.

Section 15.4.11

Section 15.4.11

Source: Adapted in part from References 15 and 33.

EXAMPLE 6.19: IDENTIFICATION OF UO AND UP IN SLUDGE PROCESSING

Table 6.10 contains basic information of 36 unit operations (UOs) and unit processes (UPs) for sludge

and brine processing and disposal. List separately these unit operations and processes.

Solution

The unit operations and unit processes presented in Table 6.10 are separately listed below.

UOs UPs
Al, A2, A3, A4, A5, B4, C2, B1, B2, B3, Cl1, E2, E3,
D1, D2, D3, D4, D5, El, F2, E4, E5, F1, F3, F4, F5,
G1, H1, H2, H3, H4 F6, F7, F8, G2, G3

EXAMPLE 6.20: GENERALIZED PROCESS DIAGRAM FOR SLUDGE
MANAGEMENT

The generalized conventional process diagram of sludge management includes thickening, stabilization,

chemical conditioning, dewatering, and disposal of sludge cake. Draw the process diagram and indicate

alternative process options under each stage.

Solution

Draw the process diagram.
The process diagram along with the alternative process option is shown in Figure 6.9.
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Raw combined sludge
1-4% solids

Thickening
B e Gravity
- e Dissolved air flotation
Sidestream o Centrifuge
(r;lt;lrrl)::t;o Thickened sludge
<p_ y 3-8% dry solids
Digested
Stabilization sludge
1-5% Conditioning
e Chemical oxidation °
_ o Livie gelbifzifen dry solids e Chemical conditioning
e Aerobic digestion e Heat treatment
e Anaerobic digestion
Conditioned sludge
(sludge solids may
increase)
V¥ 1-5% solids
Dewatering Sludge cake Disposal
o Filter press 15_30% e Biosolids land application
_ o Belt-filter press dry solids ~ e Composting
- e Drying beds o e Landfilling
e Centrifuge e Incineration
e Vacuum filter

FIGURE 6.9 Process diagram with treatment options for sludge processing and disposal (Example 6.20).

EXAMPLE 6.21: QUANTITY OF RESIDUALS

A conventional suspended growth biological wastewater treatment plant is designed. The average design

capacity is 110,000 m?/d, and the treatment plant is expected to receive wastewater of medium strength.
Estimate the quantities of screenings, grit, scum, and primary sludge. Use the typical values of residues
given in Table 6.9. What will be the volume of combined sludge produced per day if solids content is

3% and specific gravity of wet sludge is 1.01.

Solution

1. Determine the quantities of residues using the typical values given in Table 6.9.

Screenings =20 x 10> m’/1000 m® x 110,000 m*/d = 2.2 m?/d
Grit =30 x 10> m’/1000 m* x 110,000 m*/d = 3.3 m’/d
Scum =8g/m’ x 110,000 m>/d x 10 > kg/g =880kg/d
Primary sludge =135g/m’ x 110,000 m’/d x 10 kg/g = 14,850kg/d
Biological sludge =70g/m’ x 110,000 m*/d x 10 >kg/g =7700kg/d

Total dry solids in combined sludge = (14,850 + 7700) kg/d = 22,550 kg/d

2. Determine the volume of combined wet sludge.

100k 1 1
Volume with 3% dry solids = 22,550 kg/d dry solids x 00kg wet sludge

3 kg dry solids x 1010 kg/m3

=744m>/d
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EXAMPLE 6.22: VOLUME OF PROCESSED SLUDGE AND SIDE STREAMS

In total, 500 m®/d of combined sludge at 2.5% solids and specific gravity of 1.01 are thickened and dewa-
tered. The performance data of thickener and dewatering facility are given below. Determine the volume
of processed sludge and side streams. Draw the process diagram.

Thickener
Solids capture efficiency =85%
Solids content of thickened sludge = 6%
sp. gr. of thickened sludge =1.015
Dewatering facility
Solids capture efficiency =90%
Solids content of sludge cake =25%
sp. gr. of sludge cake =1.02
Solution

1. Determine the dry solids in raw combined sludge.

Volume of raw sludge = 500 m?/d

2.5 kg dry solids

Dry solid = 500m*/d x
ry solids m”/d x 100 kg wet sludge

x 1010 kg/m?> wet sludge = 12,625 kg/d
2. Determine the volume of thickened sludge.

Dry solids captured by sludge thickener = 12,625kg/d x 0.85 = 10,730 kg/d

Volume of thickened sludge = 10,730 kg/d dry solids
100 kg wet sludge 9 1
6kgdrysolids ~ 1015kg/m? wet sludge
=176m’/d

3. Determine the volume of thickener overflow.
Thickener overflow = (500 — 176) m?>/d = 324 m’/d
4. Determine the volume of sludge cake.

Dry solids captured by sludge dewatering facility = 10,730 kg/d x 0.9 = 9660 kg/d
Volume of sludge cake = 9660 kg/d dry solids

100 kg wet sludge o 1
25kgdry solids ~ 1020 kg/m? wet sludge cake
=38m’/d

5. Determine the volume of side stream from sludge dewatering facility.
Volume = (176 — 38) m?>/d = 138 m’/d

6. Draw the process diagram.
The process diagram with solids capture and side streams are shown in Figure 6.10.
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A Raw combined sludge
Volume 500 m?3/d
Dry solids 12,625 kg/d
Solids content 2.5%
Density 1020 kg/m?

Total sidestream
Volume 462 m3/d

324 m3/d Sludge thickener

Solids capture 85%

Thickened sludge
Volume 176 m3/d
Dry solids 10,730 kg/d
Solids content 6%

y Density 1015 kg/m3

138 m3/d Dewatering facility

A

Solids capture 90%

Sludge cake

Volume 38 m?/d
Dry solids 9660 kg/d
Solids content 25%
Density 1020 kg/m?

FIGURE 6.10 Process diagram of sludge thickening and dewatering facility (Example 6.22).

EXAMPLE 6.23: MATERIAL MASS BALANCE ANALYSIS

A primary wastewater treatment facility uses sludge drying beds for dewatering of raw primary sludge.
The raw wastewater contains 250 TSS and 210 mg/L BODs. The average daily flow to the plant is
2784 m’/d. In primary clarifier, TSS removal is 65%, and BODs removal is 35% of incoming flow. The
primary sludge has 3% solids. The solids and BOD; capture efficiency of the drying beds is 85% each,
and the moisture content of the sludge cake is 72%. Conduct material mass balance analysis and deter-
mine the flow, TSS, and BODs in the line that contains the mixture of influent and side streams. Also,
determine the TSS and BOD:s in the effluent from the primary treatment facility. Assume that the specific
gravities of the primary sludge and sludge cake are 1.01 and 1.06, respectively.

Solution

1. Draw the process diagram.

The process diagram with the given data is shown in Figure 6.11.

2. The material mass balance involves iterative process because the side stream (Line B) is returned prior
to the primary clarifier. It will change the quality of raw wastewater. As a result, the influent charac-
teristics to primary clarifier (Line C) will change. The iterative process is given below:

A. First Iteration
i. Calculate BOD5 and TSS in raw or clarifier influent (Line A or C).

BODs in raw or clarifier influent = 2784m?/d x 210 mg/L x 10~°kg/mg x 10° L/m’ = 585kg/d

TSS in raw or clarifier influent =2784m’/d x 250mg/L x 10~ °kg/mg x 10°L/m® = 696kg/d
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Raw influent

BOD; 210 mg/L
TSS 250 mg/L

Q 2784 m3/d Clarifier Pri Jarif
influent rumary clariiier Clarifier influent
Line A A LineC EOD, removal 35% Line D
TSS removal 65%
Primary sludge
Line E Solids content 3%
Sp. gr. 1.01
v Sludge cake
Moisture content 72%
Sidestream Drying beds Sp. gr. 1.06
Line B BOD; and TSS capture 85% Line F -
FIGURE 6.11 Process diagram of sludge dewatering (Example 6.23).
ii. Calculate BODs and TSS in primary sludge (Line E).
BODs in primary sludge = 0.35 x 585kg/d = 205kg/d
TSS in primary sludge = 0.65 x 696 kg/d x 0.65 = 452kg/d
100kg wet sludge 1

Fl te of pri ludge = 452kg/d dry solid
OV rale of prifiaty stcee g/ddrysolids x 3kgdry solids ><1010kg/m3wetsludge

=149m’/d

iii. Calculate solids and flow rate of sludge cake (Line F).
Solids captured in drying beds are 85%.

Dry solids in sludge cake = 0.85 x 452kg/d = 384kg/d

72% moisture content gives 28% dry solids content in the sludge cake.

100kgsludge cake 1

Vol f sludge cake = 384kg/d dry solid
oume of sudge caxe g/ddrysolids x 28kgdry solids x 1060kg/m? sludge cake

=13m’/d
iv. Calculate flow, BODs, and TSS concentrations in side stream from drying beds (Line B).

Flow rate of the side stream = (14.9 — 1.3) m’/d = 13.6 m®/d
BOD:; in the side stream

(85% BODs is captured in the drying beds) = (1 — 0.85) x 205kg/d = 31kg/d

31kg/ddrysolids x 10°mg/kg

BOD; concentration in the side stream = 13.6m?/d x 10° L/m? =2279mg/L
TSS in the side stream = (425 — 384) kg/d = 68 kg/d

68 kg/d dry solids x 10° mg/k
TSS concentration in the side stream = g/ddry solids x 10" mg/kg _ 5000 mg/L

13.6m3/d x 10° L/m3
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v. Calculate flow rate, BODs, and TSS concentrations in primary clarifier influent (Line C).

Flow rate in the influent = (2784 + 13.6) m®>/d = 2798 m’/d
BODjs in the influent = (585 + 31) kg/d =616 kg/d
_ 616kg/d x 10° mg/kg

BODs concentration in the influent =798 m?/d x 10° L/m? =220mg/L
TSS in the influent = (696 + 68) kg/d =764 kg/d
764kg/d x 10° mg/k
TSS concentration in the influent = g/d x 1;11g/ S o mg/L
2798m?/d x 10°L/m3
B. Second Iteration
i. Calculate BODs and TSS in clarifier influent (Line C).
BOD;s in clarifier influent = 616kg/d
TSSin clarifier influent = 764kg/d
ii. Calculate BODs and TSS in primary sludge (Line E).
BODs in primary sludge = 0.35 x 616kg/d = 216 kg/d
TSSin primary sludge = 0.65 x 764kg/d = 497kg/d
100 kg wet slud:
Flow rate of primary sludge = 497 kg/d dry solids x W
1
=16m’/d
" 1010 kg/m? wet sludge m/
iii. Calculate solids and flow rate of sludge cake (Line F).
Solids capture in drying beds is 85%.
Dry solids in sludge cake = 0.85 x 497kg/d = 422kg/d
Volume of sludge cake
(72% moisture content gives 28% beds content)
100 kg sludge cake 1

= 422 kg/d dry solids x 1.4m?/d

28 kg dry solids " 1060 kg/m? sludge cake -
iv. Calculate flow, BODs, and TSS concentrations in side stream from drying beds (Line B).
Flow rate of the side stream =(16 —14)m’/d=15m>/d
BOD:; in the side stream

(85% BOD:s is captured in the drying beds) = (1 — 0.85) x 216 kg/d = 32kg/d

_32kg/ddry solids x 10° mg/kg
B 15m3/d x 10° L/m3

BODs concentration in the side stream = 2133 mg/L
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TSS in the side stream

(85%TSS is captured in the drying beds) = (1 — 0.85) x 497kg/d = 75kg/d

75 kg/d dry solids x 106 mg/kg
15m3/d x 10°L/m3

TSS concentration in the side stream = = 5000 mg/L

v. Calculate flow rate, BODs, and TSS concentrations in primary clarifier influent (Line C).

Flow rate in the influent

BOD;s in the influent

BOD; concentration in the influent

TSS in the influent

TSS concentration in the influent

= (2784 + 15) m?>/d = 2799 m®/d
= (585 + 32) kg/d = 617 kg/d

_ 617kg/d x 10° mg/kg
~ 2799m3/d x 10° L/m3

= 220mg/L

= (696 + 75) kg/d =771 kg/d

_ 771kg/d x 10° mg/kg
" 2799m3/d x 10° L/m3

= 275mg/L

3. Compare the results of first and second iterations.
The flow rate and the concentrations of BOD5s and TSS in Lines A and C of first and second itera-
tions are compared below:

Side Stream (Line C)

Raw Influent

Parameter (Line A) First Second

Iteration Iteration
Flow rate, m®/d 2784 2798 2799
BODjs concentration, mg/L 210 220 220
TSS concentration, mg/L 250 273 275

The results are close enough so that the third iteration may not be necessary.
4. Calculate the effluent quality from the primary treatment facility.

Flow rate of primary clarifier effluent = (2799 — 16) m®/d = 2783 m?/d

BOD:; in the effluent
BOD; concentration in the influent
TSS in the influent

TSS concentration in the influent

6.3.6 Plant Layout

= (617 — 216) kg/d = 401 kg/d

_401kg/d x 10° mg/kg
"~ 2783m3/d x 10° L/m3

= 144mg/L

= (771 — 497) kg/d = 274 kg/d

_ 274kg/d x 10° mg/kg
~ 2783m3/d x 10°L/m3

=98 mg/L

Plant layout refers to arrangement of treatment units, piping, and buildings over the selected site. A com-
pact and modular layout is desirable. Important factors that are considered are topography, soil condition,
accessibility, future expansion, hydraulics, aesthetics, and environmental control. Detailed discussion on

plant layout is given in Chapter 14.
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EXAMPLE 6.24: PLANT LAYOUT
Show the physical layout and aerial photograph of a medium-sized wastewater treatment plant.

Solution

The physical layout and aerial photograph of a compact regional wastewater treatment plant is given in
Figure 6.12. The design flow is 13,250 m>/d (3.5 MGD).

1 Administrative building

2 Substation

3 Primary clarifiers

4 Aeration basins

5 Covered storage, and pipe gallery
6 Final clarifiers

7 Chlorine contact basins

8 Aerobic digesters

9 Chlorine building

10 Sludge drying beds

11 Raw wastewater pumping station

FIGURE 6.12 A regional wastewater treatment plant: (a) plant layout, and (b) aerial photograph
(Courtesy CP&Y, Inc., Dallas, Texas). (Example 6.24).

6.3.7 Plant Hydraulic Conditions

Wastewater treatment plants utilize pipes and channels for connecting treatment units, pumping, flow
measurement, and sometimes flow equalization. Although these components do not provide any direct
treatment, they are considered an integral part of the overall process design for both bulk liquid and sludge
streams. Basic information about these components is provided below.'>** The minor head loss constants
for pressure pipes and open channels are provided in Appendix C.

Connecting Conduits: Many types of connecting conduits are provided to convey wastewater from
upstream to downstream units at a treatment plant. These conveyance systems are mostly open channels,
partially flowing circular sewers, and pressure pipes (force mains).
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The Manning equation has received the most widespread application for open channels. The Manning
equation in various forms is expressed below in Equations 6.11a through 6.11d.

1
V = ~R¥3§!/? (ST unit) (6.11a)
n
0312 wsup . . .
Q=—-D"§ (Circular pipe flowing full, SI unit) (6.11b)
n
1.486
Vv ="""R¥”V2 (US. customary unit) (6.11¢)
n

Q= 0464 D¥38Y2  (Circular pipe flowing full, U.S. customary unit) (6.11d)
where

V = velocity in a conduit (pipe or channel), m/s (ft/s)

Q = flow in pipe flowing full, m’ /s (f /)

D = diameter, m (ft)

R = hydraulic mean radius, m (ft). R = area/length of wetted perimeter. For a pipe flowing full, R = D/4.

S =slope of energy grade line or invert slope, m/m (ft/ft)

n = coeflicient of roughness used in Manning equation

The value of # depends on the material and age of the conduit. Commonly used values of n for concrete
and cast iron pipes are in the range of 0.013-0.015.

Sanitary sewers are primarily designed to flow partially full. The hydraulic element equations for circu-
lar pipe flowing partially full are given by Equations 6.12a through 6.12d, and are graphically shown in
Figure 6.13."” The central angle is 6. It may be noted that the value of 1 decreases with the depth of
flow (Figure 6.13b). However, in most designs, # is assumed constant for all flow depths. Also, it is a com-
mon practice to use d, v, g, 4, and p (lowercase) notations for depth of flow, velocity, discharge, area, and
wetted perimeter under partial flow condition, while D, V, Q, A, and P (uppercase) notations are used for
sewer flowing full. As an example, a sewer line that is flowing 80% full has a d/D ratio of 0.8.

(5)=(-25)
cos|=)=(1—-2—= (6.12a)
2 D

D*( 76 sin®
a=— (20 _SY (6.12b)
4 \360° 2
_ o (6.12¢)
P =360° )
D/  360°sin6
e PPl 6.12d
Ty < 270 ) (6.12d)

Friction head loss in a pressure pipe (force main) can be calculated from Darcy-Weisbach or Hazen-
Williams equation (Equation 6.13a or 6.13b).

V2 V2
he = LV or hf= LV (Darcy—Weisbach) (6.13a)
Dy, 2g 4R 2g
1.85 L
he = 6.82 (E) X Diie (Hazen—Williams, SIunits) (6.13b)

The Hazen-Williams equation is most commonly used for force mains. This equation in various forms
is given by Equations 6.14a through 6.14d.
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FIGURE 6.13 Hydraulic properties of circular sewer: (a) hydraulic elements and (b) partial flow condition. (Adapted

in part from Reference 15.)

V = 0.550CD"%

0.54
V = 0.355CD"% (%)

0.54
Q = 0.278CD*® (hf>

0.54
Q = 0.432CD*% b ]
L

where

(SI units)

(U.S. customary units)

(SI units)

(U.S. customary units)

(6.14a)

(6.14b)

(6.14¢)

(6.14d)

h¢ = total friction head loss in pipe, m (ft)
V= velocity in pipe, m/s (ft/s)

Q =flow rate in pipe, m3/ s (ft3/s)

L =length of pipe, m (ft)
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f = coeflicient of friction in Darcy-Weisbach equation. The value of f depends on the Reynolds
number and the relative roughness and diameter of the pipe. It may range from 0.01 to 0.10.

g = acceleration due to gravity, 9.81 m/s* (32.2 ft/s’)

Dy, = hydraulic mean diameter, m (ft). It is calculated by Equation 6.14e.

4A A Dy
=— o R=—=—

p P 4
A = cross area of flow, m? (ft?)
P =length of wetted perimeter, m (ft)

Dy = 4R (6.14e)

For flowing full, Dy, = D (circular pipe), Dy, = w (square conduit),

2h 4h
Dy = W (rectangular conduit), and Dy = o _:V (rectangular channel).
w

h+w

where
h = height of conduit or water depth of channel, m (ft)
w = width of the conduit or channel, m (ft)
D = diameter, m (ft)
C = coeflicient of roughness in Hazen-Williams equation. The value of C depends on the pipe material
and age of the pipe, and characteristics of liquid being pumped.
Common values of C are:
Cast iron pipes new and old = 140 and 100
Concrete or cement lined pipe = 120
Plastic pipe = 150
Note: Other parameters have been defined previously.

Velocity head is the kinetic energy contained in the flowing liquid. In determining the head at any point
in a piping system, the velocity head must be added to the gauge reading. The velocity head is given by
Equation 6.15a. The minor head losses are produced because of fittings, valves, bends, entrance, exit,
etc., and are normally calculated as a function of velocity head. The minor losses are expressed by Equation
6.15b. The velocity head is often added to the minor head losses.

2
hy, = V_ (6.15a)
2g
V2
hy,=K— or hy,=Kh, (6.15b)
28

h,,, = minor losses, m (ft)
h, = velocity head, m (ft)
K =head loss coefficient (Appendix C)

Pumping: Treatment plants are normally located at a low point in order to receive gravity flow from the
collection systems. At the plant site, the wastewater is pumped to an adequate elevation to achieve flow by
gravity through the various treatment units. Pumping is also needed to remove grit and scum, transfer
sludge, and deliver chemical solutions.

All pumps may be classified as kinetic energy or positive displacement. Brief descriptions and applica-
tions of many types of pumps in these two classes are provided in Table 6.11. The kinetic energy pumps are
most commonly used in wastewater applications. In depth discussion on these pumps may be found in
References 15 and 17.

The total dynamic head (TDH) is head against which the pump works to move the liquid. It is the total
energy barrier that must be overcome before the water can be lifted at a given flow rate. It is determined by
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TABLE 6.11 Pump Types and Major Applications in Wastewater
Major Pump Type Brief Description Major Pumping Applications
Classifications el P ) ping App
Kinetic Centrifugal Consists of an impeller enclosed in a casing ~ Raw wastewater, settled primary and
with inlet and discharge connections. The secondary sludge, return and waste
head is developed principally by centrifugal  sludge, thickened sludge, and effluent
force.
Peripheral Consists of a recessed impeller on the side of ~ Scum, grit, sludge, and raw wastewater
(torque-flow the casing entirely out of the flow stream.
or vortex) A pumping vortex is set up by viscous drag.
Positive Rotary Consists of a fixed casing containing gears, ~ Lubricating oils, chemical solutions,
displacement vanes, pistons, cams, screws, etc., operating small flows of water, and wastewater
with minimum clearance. The rotating
element pushes the liquid around the
enclosed casing into the discharge pipe.
Screw Uses a spiral screw operating in an enclosed  Grit, settled primary and secondary
casing sludge, thickened sludge, and raw
wastewater
Progressive The pump is composed of single-threaded Used for pumping large objects of heavy
cavity rotor that operates with a minimum of solids concentration. Common use is
clearance in a double-threaded helix stator for pumping thickened and digested
made of rubber. sludge.
Diaphragm Uses flexible diaphragm or disk fastened over =~ Chemical solutions
edges of a cylinder
Plunger Uses a piston or plunger that operates in a Scum, settled primary and secondary

High-pressure
piston

Airlift

Pneumatic
ejector

cylinder. The pump is self-priming, and
discharges liquid during piston or plunger
movement through each stroke

Uses separate power pistons or membranes to
separate the drive mechanism from contact
with sludge

Air is bubbled into a vertical tube partly
submerged in water. The air bubbles reduce
the unit weight of the fluid in the tube. The
higher unit weight fluid displaces the low
unit weight fluid, forcing it up into the tube.

Air is forced into the receiving chamber
which ejects the wastewater from the
receiving chamber.

sludge, and chemical solutions

Used for thickened and digested sludge

Return and circulation of secondary
sludge

Raw wastewater at small installations
(100-600 L/min)

Source: Adapted in part from References 15 and 17.

considering the static head, friction and minor head losses in suction and discharge pipings, and velocity

head in the discharge pipe. Equation 6.16a is used to determine TDH.

V2
TDH = Hstat + hfs + ths + hfd + thd + 2_;

where
TDH
H stat

hfs and hfd

Va

= total dynamic head, m (ft)

= static head, m (ft)

= friction head losses in suction and discharge pipings, m (ft)

Yhp,s and Zh,g = sum of minor losses in fittings and valves in suction and discharge pipes, m (ft).
Entrance loss in the suction bell may be included in the minor losses in
suction piping.

= velocity in discharge pipe, m/s (ft/s)

(6.16a)
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The Bernoulli’s energy equation (Equation 6.16b) is also applied to determine TDH. The energy equa-
tion is written between the suction bell and the discharge nozzle of the pump. Distances above and below
the datum are considered positive and negative, respectively. The datum is normally referenced to the cen-
terline of the pump impeller. The TDH is expressed by Equation 6.16¢.'>'”

Py Vi P, V2
Za+-44 4z 4754 s L TDH (6.16b)
v vz
Py V3 P, V?
TDH = (= 4+ 44+ 274 ) — (=+ 2+ 2, (6.16¢)
v v
where
P4 and P, = gauge pressures on discharge and suction nozzles of the pump, kN/m? (Ib/ft*)
¥ = specific weight of the liquid pumped, kN/m? (Ib/ft>)

V4 and V= velocity in discharge and suction nozzles of the pump, m/s (ft/s)

Z4 and Z, = elevation of gauges on discharge and suction nozzles of the pump above datum, m (ft)

The work done by a pump is proportional to the product of the specific weight of the fluid being dis-
charged and the total head against which the flow is moved. The pump efficiency is the ratio of the useful
pump output power to the input power. Pump power output, and pump and motor efficiencies are
expressed by Equations 6.17a through 6.17¢.">"

P, = K'Q(TDH)y (6.17a)
P P,
E,=—" or P,= (6.17b)
Py Ep
P, P,
E, = ﬁ or P, = ﬁ (6.17¢)
where

P,, = power output of the pump (water power), kW (horse power of hp)
P, = power input to the pump (brake power), kW (hp)

P, = power input to the motor (electrical energy or wire power), kW (hp)
Q = capacity, discharge, or flow rate, m’/s (ft/s)

E, = pump efficiency, usually 70-90%

E,,, = motor efficiency, usually 90-98%

K' = constant depending on the units of expression

(TDH=m, Q=m’/s, y = 9.81 kN/m?, P,, = kW, K’ = 1 kW/[kN-m/s])

(TDH = ft, Q= ft*/s, y = 62.4Ib/ft>, P, = hp, K = 1 hp/(550 ftIb/s))
Note: Power: 1 kN-m/s =1 kW (SI unit)
1 hp =550 ftlb/s (U.S. customary unit)

Flow Measurement: Measurement of wastewater flow, sludge and chemical solutions at wastewater
treatment facilities is essential for plant operation, process control, and record keeping. The flow mea-
surement devices may be located in the interceptor sewer, after the pump station, or at any other loca-
tion within a plant. Flow measurement systems are composed of primary and secondary elements.
Primary elements produce a head, pressure, electrical current, or other measurable parameters that
are proportional to the flow. The secondary element measures the parameter produced by the primary
element and provides an indication of the flow rate. These indicators may be visual, such as an analog or
digital readout, or a telemetry signal. Secondary elements are an integral part of the control system. In
general, the primary flow measurement systems are applicable to either of the two major conditions:
(1) pressure pipes, and (2) open channels. Some systems however, are applicable to both. Various types
of primary flow elements and their principle of flow measurement are provided in Table 6.12. The
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TABLE 6.12 Types of Flow Measurement Devices Available for Determining Liquid Discharge

Conduit

Flow Measurement Device

Principle of Flow Measurement

Pressure pipes

Open channels

Freely discharge from a pipe
flowing full®

Freely discharge from a pipe
partly flowing full®

Miscellaneous methods

Venturi meter

Flow nozzle meter”
Orifice meter®

Pitot tube
Electromagnetic meter”
Rotameter

Turbine meter®
Ultrasonic velocity®

Ultrasonic doppler®

Elbow meter

Flumes (Parshall, Palmer-
Bowlus)?

Weirs*

Current meter

Pitot tube

Depth measurement®

Sonic level meter®
Nozzles and orifices

Vertical open-end flow

Open flow nozzle®
(Kennison nozzle or
California pipe method)

Dilution method
Bucket and stopwatch

Measuring level change in a
tank

Calculation from water
meter readings

Pumping rate

The differential pressure is measured.

The differential pressure is measured.

The differential pressure is measured.

The differential pressure is measured.

Magnetic field is induced, and voltage is measured.

The rise of float in a tapered tube is measured.

A velocity driven rotational element (turbine, vane, or wheel) is used.
The ultrasonic transducers send and receive ultrasonic pressure pulses.

The transducers transmit beams that are reflected to a receiver by
suspended solids or gas bubbles.

The differential pressure is measured around a bend.

Critical depth is measured at the flume.

Head is measured over a weir.

Rotational element is used to measure velocity.
The differential pressure is measured.

Float is used to obtain the depth of flow.

The transducer emits and receives the beam reflected from the liquid
surface.

The water jet data is recorded.

The vertical height of water jet is recorded.

The depth of flow at free-falling end is determined.

The concentration of a constant flow of a dye tracer is measured.
A calibrated bucket is used and time to fill it is noted.

Change in level in a given time is obtained.

Water meter readings over a given time period give average wastewater
flow.

Constant pumping rate and pumping duration.

* Commonly used devices for wastewater flow measurement.

® Flow is calculated from measurement at the end of pipe.

Source: Adapted in part from Reference 15.

applicable range of flow, accuracy, repeatability, and many selection criteria are summarized in

Table 6.13.°

Flow and Mass Equalization: Flow and mass equalization is simply the damping of the flow rate and
mass-loading variations. With flow equalization, the plants can be designed and operated under a nearly
constant ideal flow and mass-loading condition. This minimizes shock and achieves maximum utilization
of the facilities. Discussion on flow and mass equalization is given in Section 3.6.
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EXAMPLE 6.25: HEAD LOSSES IN A DISCHARGE PIPE

A submersible pump is pumping primary settled wastewater from a wet well to an aeration basin. There is
no suction piping. The diameter of the suction bell is 30 cm, and K = 0.04. Calculate the components of
head losses in the force main. The diameter and length of force main are 20 cm and 120 m, respectively.
There is one enlarger K= 0.25, one check valve K = 2.5, one plug valve K = 1.0, one gate valve K= 0.19,
three 45° elbows K = 0.2, and two 90° elbows K = 0.3. The pump discharge is 0.08 m*/s and Darcy-
Weisbach coeficient of roughness f= 0.02.

Solution

1. Calculate the velocity head in the force main.
T
Area of the force main, A = 7 x (0.2m)? = 0.0314 m?

0.08 m?
Velocity in the force main, V = 9 = 7m/s =2.55m/s
A 0.0314m?

V2 2.55m)’
Apply Equation 6.15a to calculate velocity head, h, = — = _(255m)y =0.33m
2¢g 2x9.81m/s?

2. Calculate the total friction head loss in the force main from Darcy-Weisbach equation.

ApplyEquation6.13atocalculatetotalfrictionheadloss,

5 fL  V? 002 x 120m
y _

=—X_—= x 0.33m = 3.96 m
D, 2g 0.2m

3. Calculate the minor losses from Equation 6.15b.

0.08 m’

Velocity through suction bell = Vi = nim/s = 1.13m/s

= x (0.3 m)?

4

1.13m/s)’
Head loss through suction bell = 0.04 x _(L13m/s)” = 0.003m
2 x 9.81 m/s?
Head loss through enlarger =~ =0.25 x 0.33 m =0.08 m
Head loss through check valve =2.5 x 0.33 m =0.83m
Head loss through plug valve =1.0 x 0.33 m =0.33m
Head loss through gate valve =0.19 x 0.33 m =0.06 m
Head loss through 45° elbows =3 x 0.2 x 0.33 m =0.20m
Head loss through 90° elbows = 2 x 0.3 x 0.33m =0.20m
Th,=170m

4. Calculate the total head loss.

Total head loss hy, = h¢+ X hy, + by, = (3.96 + 1.70 + 0.33) m = 5.99 m
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EXAMPLE 6.26: DETERMINATION OF TDH FROM BERNOULLI'S EQUATION

Wastewater is pumped from a wet well to a primary sedimentation basin. The pump discharge is 0.5 m>/s.
The diameter of the discharge pipe is 35 cm, and the reading on the discharge gauge located at the centerline
of the pump discharge pipe is 125 kN/m?. The diameter of the suction pipe is 40 cm, and reading on the
suction gauge located 0.6 m below the centerline of the discharge pipe is 10 kN/m”. Determine the head
on the pump using the Bernoulli’s equation. Use y = 9.81 kN/m”.

Solution

1. Determine the velocity in discharge and suction pipes.

0.5m%/s
Vag=g——"—"—=520m/s
ke (0.35m)*
0.5m?
V= 2S5 ogmys
Z x (0.4 m)>

2. Determine the pressure head in discharge and suction pipes.

_ Py 125kN/m’

hy=—2=2""T _ 137
P T 981N/ m? o
P, 10 kN/m?
po= B o JON/m®
y  9.81kN/m3

3. Apply Bernoulli’s equation (Equation 6.16c).
Py V3 P, V2
TDH = (2 + 44+ 7)) — (=242 + 2z
vz v

(5.20m/s)2
2 x 9.81 m/s?

(3.98m/s)?

= (127 0TS
( mE 2 x 9.81 m/s?

+ 0m> - <1.02m + + (—0.6 m))

=(12.74+ 138+ 0 — 1.02 — 0.81 + 0.6) m
=129m

EXAMPLE 6.27: WIRE POWER AND EFFICIENCY
A pump is delivering 2000 gpm at a TDH of 64 ft. The pump efficiency is 85% and motor efficiency is 92%.

Calculate the wire power or electrical energy input to the motor. Use y = 62.4 Ib/ft’.

Solution

1. Convert the pump discharge into cubic feet per second (ft*/s or cfs).

Q = 2000 gpm x = 4.46 cfs

1
60 s/min x 7.48 gal /ft3

2. Calculate the water power or power output of pump from Equation 6.17a.

P, = K'Q(TDH)y

1B 6™ s eati x 6242 — 324n
¥ = 550f-b/s s T 4
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3. Calculate the power input to the pump from Equation 6.17b.
P, 324hp
PP = —=

E, 085

4. Calculate the wire power or power input to motor from Equation 6.17c.

=38.1hp

P, 38.1hp
Pm = —=
I 0.92

= 41.4hp

EXAMPLE 6.28: DEPTH AND VELOCITY CALCULATED FROM HYDRAULIC
ELEMENTS EQUATIONS AND NOMOGRAPH

A sewer is flowing 35% full. The sewer diameter and slope are 18 in and 0.0018, respectively. Determine
depth, velocity, and discharge under partial full condition using hydraulic elements equations. n = 0.013.
Also, check partial flow velocity and discharge using the monograph (Figure 6.13).

Solution

1. Calculations based on hydraulic elements equations.
a. Calculate the hydraulic elements of the sewer running partially full.
Apply Equations 6.12a through 6.12d when d/D = 0.35.

0 d
cos(—) = <1 = 2—) =(1—-2x035=0.3
2 D

0 = 145°

e (1.5ft)* (;z X 145°  sin (145°)

= 0.55 ft?
4 360° 2

_mX 1.5ft x 145°

=1.90ft
360°
1.5ft 360° x sin 145°
r=———|_1——) =029ft
4 2m % 145°

b. Calculate the velocity and discharge.

6
x (0.29 ft)*° x (0.0018)"/% = 2.12 ft/s

From Equation 6.11¢c, v = ———
0.013

q=va=212ft/s x 0.55ft*> = 1.17ft* /s

2. Calculations based on the nomograph.
a. Determine the velocity and discharge when the sewer is flowing full.

1486  (1.5ft\*?
Apply Equation 6.11c to calculate the velocity, V = TTE (T) % (0.0018 ft/ft)"/?
= 2.51t/s

Q= VA = 25ft/s x Z x (150 = 446 /s

b. Determine v and g from Figure 6.13.



6-50 Volume 1: Principles and Basic Treatment

Read the ratios v/V and g/Q using given d/D = 0.35.

% —0.82 and % =027

c. Calculate the velocity and discharge.
v =0.82 x 2.5ft/s = 2.1ft/s

Q=027 x 44ft3/s = 1.2ft3/s

6.3.8 Plant Hydraulic Profile

Hydraulic profile is the graphical representation of hydraulic grade line through the treatment plant.
Hydraulic profile is prepared to ensure that (1) adequate hydraulic gradient exists for wastewater to
flow by gravity, (2) pumps deliver adequate head, and (3) treatment units are not flooded or backed up
during periods of peak flow. Connecting pipes, and collection and division boxes are provided to transmit
flow from one unit to the other and to isolate some units from the process train for maintenance. Hydrau-
lic profile is an important topic and it is covered in detail in Chapter 14.

EXAMPLE 6.29: HYDRAULIC PROFILE THROUGH A SEWER MANHOLE

An intercepting sewer is 61 cm in diameter and has a slope of 0.0013. It carries a flow of 113L/s.
The sewer enters a standard manhole. The outlet sewer is also 61 cm in diameter and has a slope
of 0.0014. Using n=0.015, draw the hydraulic profile and determine the invert elevation of the
incoming sewer. Assume that the minor loss coefficients of exit and entrance are 0.4 and 0.1, respectively.
The manhole invert is in line with that of the outlet sewer at the entrance point that is 0.00 m as
the datum.

Solution

1. Calculate the velocity and discharge in the upstream sewer when the sewer is flowing full.

1 0.61m)*’
Apply Equation 6.11a to calculate the velocity, V; = 005 > (Tm> %(0.0013)"/* = 0.686 m/s
0.312
Apply Equation 6.11b to calculate the discharge, Q; = e x (0.61 m)*> x (0.0013)"/2 = 0.201 m’/s

2. Calculate the depth of flow and velocity in the upstream sewer.

113L 103 m3/L
Calculate the flow ratio, % = (/)52;(1 e /Sm / = 0.56

Read the ratios d; /D, and v,/V; from Figure 6.13 when ¢q;/Q; = 0.57.

d
2 _054 and =104
D, Vi

d; = 0.54 x 0.61m = 0.329m

v; = 1.04 x 0.686 m/s = 0.713m/s
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3. Calculate the velocity and discharge in the downstream sewer when the sewer is flowing full.

Apply Equation 6.11a to calculate the velocity, V, =

1 0.61m
_ x (==
0.015 4

2/3
) x(0.0014)"/? = 0.712m/s

0.312
Apply Equation 6.11b to calculate the discharge, Q; = ——

x (0.61 m)*” x (0.0014)/% = 0.208 m?/s
0.015

4. Calculate the depth of flow and velocity in the downstream sewer.

113L 103 m3/L
Calculate the flow ratio, 2 _ /s X m/ = 0.54
Q, 0.208 m?/s

Read the ratios d,/D, and v,/V, from Figure 6.13 when g,/Q, = 0.54.

d
%2 _053 and 2=103
D, v,

d, =0.53 x 0.61m = 0.323m

v, = 1.03 X 0.712m/s = 0.733m/s

5. Calculate the head loss at entrance and exit of the manhole from Equation 6.15b.

(0.733m3/s)’
bt entrance = 0.1 Wlni/sz = 0.003m
0.713m3/s)®
B, exit = 0.4 x (7/) = 0.010m

2 x 9.81 m/s?

6. Compute the water surface elevations (WSELs) for preparing the hydraulic profile.

Invert elevation of the downstream sewer at the entrance point = 0.00 m

Water depth in the downstream sewer line =0.323m

WSEL in the downstream sewer line at the entrance point =(0.00 + 0.323) m
=0.323 m

Entrance loss in the outlet sewer at the manhole =0.003 m

WSEL in the manhole prior to the entrance =(0.323 4 0.003) m
=0.326 m

Exit loss in the inlet sewer at the manhole = 0.010 m

WSEL in the upstream sewer line prior to the exit =(0.326 4 0.010) m
=0.336 m

Water depth in the upstream sewer line =0.329m

Invert elevation of the upstream sewer line =(0.336 — 0.329) m
= 0.007 m

7. Draw the hydraulic profile (Figure 6.14).
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—— WSEL = 0.336 m — WSEL =0.326 m — WSEL =0.323 m
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Upstream sewer linqA T T Downstream sewer line
0.007 m

FIGURE 6.14 Hydraulic profile through a sewer manhole (Example 6.29).

EXAMPLE 6.30: HYDRAULIC PROFILE THROUGH A WASTEWATER TREAT-
MENT PLANT

Show the hydraulic profile of a secondary wastewater treatment plant. Indicate the wastewater elevations
at different treatment units of the plant.

Solution

1. Draw the hydraulic profile.
The hydraulic profile of a regional wastewater treatment plant is shown in Figure 6.15.

N HGL q
= == V-notch weir Influent rectangular weir Resianguiic
530 i N EL 527.00 \ EL 525.40 EL 52330
I N i
R . Effluent rectangular wejr ~ V-notch weir
e¢‘tangular weir|— -l [0 EL 524.60 L BT
525 Mechanical (E27:0 = = —
. bar screen : - :(_;_7___(‘1
520 ﬂ ! lume I
\_ : EL 522.5
515 i ‘
‘ L
510 1 —) :"rl:6
505 ' : Primary Aeration BQ‘
H Aerated clarifier basin Secondary
1 grit basin fiflgr: oo weilcrhstnbutmn Secor_ndary
500 R : 500 525 1 EL521.10 box clarifier 525
T
T
EL : “‘»E—(/WSEL
495 494.00 i 495 ~ Effluent rectangular weir
= 520 ] > EL 519.30 520
- 1 i
490 I LWL || i =L i
O i EL ! 515 ! 515
i T
484.00 | 1 100-year flood
485 j P 510.50
Junction = ! 510§ ey X s1p
480 structure = 480 —_—— =
o uﬁ: EL 507.25
475 5 505 QChlorine Plant effluent 505
line
Raw wastewater ], 474.00 o cg:;a:t Baffle chute
470 pump station 47

FIGURE 6.15 Hydraulic profile through a regional wastewater treatment plant (Example 6.30).
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2. Determine the water surface elevation at different treatment units.

Unit Elevation, ft
Low water level in wet well 484.00
High water level in wet well 494.00
Aerated grit basin, rectangular weir 527.70
Primary clarifier, V-notch weir 527.00
Aeration basin, influent rectangular weir 525.40
Aeration basin, effluent rectangular weir 524.60
Secondary distribution box, rectangular weir 523.30
Secondary clarifier, V-notch weir 522.50
Chlorine contact basin, influent rectangular weir 521.10
Chlorine contact basin, effluent rectangular weir 519.30
100-year flood elevation 510.50

6.3.9 Energy and Resource Requirements and Plant Economics

Primary energy is the energy used in plant operation, while secondary energy is needed to manufacture
chemicals, other consumable materials, and construction materials. Resource requirements include
land, equipment, instrumentation, and labor. The plant economics is therefore not only based on the ini-
tial construction costs but also on annual operation and maintenance (O&M) costs. Under the Clean
Water Act of 1977, it is required that the designers utilize treatment alternatives that substantially conserve
energy. Additionally, a cost-benefit analysis is necessary to ensure that the construction and O&M costs
are reasonable and appropriate for the planned level of treatment.

6.3.10 Environmental Impact Assessment

The National Environmental Policy Act of 1969 (NEPA) was enacted to ensure that federal agencies con-
sider environmental factors in the decision-making process, and utilize an interdisciplinary approach in
evaluating these issues.”**® The environment impact assessment must evaluate all impacts—beneficial
and adverse, and primary and secondary that may result from the construction of a wastewater treatment
facility. The primary impacts are those directly associated with construction and operation of the treatment
works. For example, changes in water quality and odors resulting from the plant operation are the primary
impacts. The secondary impacts result from the growth or change in land use induced or facilitated by the
construction of the plant or its associated sewers. To address these federal environmental considerations,
the design engineer should work closely with the federal, state, and local regulatory agencies that have
responsibilities for planning, design, and operation of the wastewater treatment facilities.

EXAMPLE 6.31: PLANT ECONOMICS

A biological nutrient removal plant is serving a design population of 80,000. Average wastewater flow
treated is 38,000 m>/d (10 MGD). The influent and effluent quality is provided below. The total current
capital cost of the wastewater treatment plant is 34.296 million dollars. Current total annual O&M cost is
1.895 million dollars. The interest rate is 7.652%, and the planning period is 15 years. Determine the fol-
lowing: (a) present worth, (b) equivalent annual cost, (c) unit cost $/ m’ and $/1000 gal, and (d) charges
per family per month. Assume 3.5 members per family.
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Solution

1. Describe the present worth.

The present worth may be thought of as the sum which, if invested now at a given rate of interest,
would provide exactly the funds required at the design period while making all necessary expenditures
during the planning period.

2. Calculate the present worth of annual O&M cost.
The value of annuity is expressed by Equation 6.18.
[1-(01+97"]
i

Value of annuity = (6.18)

where
i = interest rate
n = planning period, yr

1— (14 0.07652)""
Value of annuity = [1-a+ ) = 8.744
0.07652
Present worth of annual O&M cost = 1.895 million dollars x 8.744 = 16.570 million dollars

Present worth of capital and O&M cost = (34.296 + 16.570) million dollars = 50.866 million dollars

3. Describe the equivalent annual cost.

The equivalent annual capital cost is the expression of nonuniform series of expenditures used as a

uniform annual amount to simplify calculations of present worth.

4. Calculate the capital recovery factor.

The capital recovery factor is expressed by Equation 6.19.

i(1+1)"
Capital recovery factor = ———— 6.19
. . [+ —1] (6.19)
0.07652 x (14 0.07652)"°

Value of annuity = [(1 1007652 — 1]

= 0.1144 /year

5. Calculate the equivalent annual cost.
The equivalent annual cost is calculated in two ways.
a. The equivalent capital annual cost = 34.296 million dollars x 0.1144/year = 3.923 million
dollars/year
It may be noted that an annual payment of 3.923 million dollars over 15-year period will pay
back the loan principal and the interest on the loan.

Total equivalent annual cost = [3.923 + 1.895 (annual O&M cost)] million dollars/year
= 5.818 million dollars/year

b. Total equivalent annual cost = 50.866 x 0.1144 = 5.819 million dollars/year
An annual payment of 5.819 million dollars per year for 15 years will pay back the loan prin-
cipal, and interest, and O&M costs.
6. Calculate the unit treatment cost.

Total equivalent annual cost = $5.819 x 10°/year
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Average wastewater treated in a year = 38,000 m>/d x 365 d/year
=13.87 x 10° m>/year (3664 x 10° gallon/year)

$5.819 x 10°/year

= $0.42/m’
13.87 x 10° m?/year $0.42/m

Unit cost of treatment (SIunit) =

$5.819 x 10°/year

1000 = $1.59/10° gall
3664 x 10° gallon/year x $1.59/10 gallons

Unit cost of treatment (US customary unit) =

7. Calculate the monthly charge per family.
80,000 persons
3.5 persons/family

$5.819 x 10°/year
22,900 families x 12 month/year

Number of families = = 22,900 families

Monthly charge per family =

= $21.18 per family per month

EXAMPLE 6.32: CONSTRUCTION COST ADJUSTED TO A DIFFERENT TIME
PERIOD

The estimated construction cost of a wastewater treatment plant in 2008 was 27.7 million dollars. Esti-

mate the construction cost in 2013 dollars.

Solution
The capital costs are adjusted to any period by using the Engineering News-Record Construction
Cost Index (ENRCCI), or the U.S. EPA Cost Index. The project construction cost is estimated from Equa-
tion 6.20.

Projected construction cost

Projected future value of index . . .
x Estimated cost at the time of estimate (6.20)

" Value of index at time of estimate

1. Determine the ENRCCI for 1996 and 2008 from the ENR website.
ENRCCI for 2008 = 8362
ENRCCI for 2013 = 9183

2. Determine the construction cost for 2013.

Construction cost for 2013 = T x 27.7 million dollars = 30.4 million dollars

EXAMPLE 6.33: OPERATION AND MAINTENANCE COST

The annual O&M costs are important factors in the evaluation of alternative treatment pro-
cesses. The principal element of O&M costs are labor, energy, chemicals, and materials and
supplies. The total O&M cost of a 10 MGD diffused aeration basin for 2008 was $409,000. Various
cost components and unit costs for aeration basin are provided below. Estimate the total annual
O&M costs for 2013.



6-56 Volume 1: Principles and Basic Treatment

Unit Energy Rate,

Category O&M Cost, $/kWh ENR Index
% of Total Cost 2008 2013 2008 2013
Labor 20 = = 7861 9183
Energy 62 $0.045 $0.068 — —
Materials and supplies 18 — — 2822 2969
Total 100 = = = =
Solution

1. Calculate the costs of labor, and materials and supplies from the ENR indices.

9183
The annual cost of labor in 2013 = ($409,000/year x 0.20) x —— = $95,600/year

7861
. . 2969
The annual cost of materials and supplies in 2013 = ($409,000/year x 0.18) x P $77,500/year
2. Calculate the cost of energy from the different unit energy rates.
0.068/kWh
The annual cost of energy in 2013 = ($409,000/year x 0.62) x m = $383,200/year

3. Calculate the estimated total O&M costs in 2013.

The total annual O&M cost in 2013 = ($95,600 + $77,500 + $383,200) /year = $556,300/year

EXAMPLE 6.34: ENVIRONMENTAL IMPACT ASSESSMENT

A wastewater treatment project involves construction of interceptors, and expansion of existing wastewa-
ter treatment and disposal facilities. List the major primary and secondary beneficial and adverse impacts
of the project.

Solution

1. List the beneficial impacts.
The beneficial impacts are:
a. Provides compliance with effluent standards
b. Enhances surface water quality in the receiving water
c. Encourages many beneficial uses of effluent and receiving waters (agriculture, recreation,
commerce, industry, and water supply)
Eliminates groundwater pollution due to septic tanks and absorption fields
Reduces health hazards due to enhanced effluent quality
Provides opportunity for biosolids reuse
Improves shoreline and waterfront for recreation

=IO =

Encourage growth or change in land use induced by the construction of the plant and sewer lines
2. List the adverse impacts.
Listed below are possible adverse impacts that may be minimized by modern design techniques and
efficient plant operation.
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The adverse impacts are:
Possible occasional odors emanating from the facility, and lower air quality
May reduce the value of the adjacent property
Disrupt the environment and inconveniences to the citizens during construction of interceptors
Traffic disruptions and higher noise level during construction
Require energy, and chemicals for plant operation
Lost construction materials and land permanently for the treatment facility

® -0 0 T

It is possible that some adverse impacts may occur on plant and animal communities, ecosys-
tem, scenic views and aesthetics, and community growth pattern and land use.

EXAMPLE 6.35: REVIEWING AGENCIES OF ENVIRONMENTAL IMPACT
ASSESSMENT REPORT

Many federal, state and local agencies, and private and public groups may review and provide comments
on an environmental impact assessment report. List some of these potential agencies.

Solution

The Federal and state agencies that review and comment on environmental impact assessment
reports are: U.S. Environmental Protection Agency, U.S. Fish and Wildlife Service, U.S. Army Corps
of Engineers, State Environmental Quality Department, State Air Control Board, State Parks and Wildlife
Department, State Water Development Board, State Historic Preservation Office, and concerned
city departments.

Various appointed environmental advisory committees and concerned citizens groups should be noti-
fied. Some of the citizen groups are: League of Women Voters, Audubon Society, Conservation Societies,
Historic preservation societies, Sierra Club, and others. Relevant documents should be placed in the des-
ignated depository for public review and comments. The fact sheet to highlight major elements of the pro-
ject and notices of public hearing should be sent to local news paper, posted in libraries and city hall notice
boards, and sent to the mailing list of concerned parties.

6.4 Wastewater Facility Planning, Design, and Management

The task of wastewater treatment plant planning and design involves understanding of service area,
sources and characteristics of wastewater, plant site, collection system, treatment processes for liquid
and residuals, legal issues, and regulatory constraints. For most wastewater treatment plant design
projects, the engineering services are performed in three steps: (a) engineering report or facility plan,
(b) preparation of design plans, specifications, cost estimates, and contractual documents, and
(c) construction and construction management.

6.4.1 Facility Planning

A facility plan is prepared to identify the water pollution problems in a specific area, evaluate alternatives,
and recommend a solution. Through the facility plan, the consultants make many decisions that
are subsequently used in preparation of the detailed plans and specifications for the wastewater
treatment facility.
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EXAMPLE 6.36: MAJOR TOPICS COVERED IN A FACILITY PLAN

List the major topics covered, and the final outcome of a facility plan.

Solution

1. The major topics covered in a facility plan are:
a. Project description, need, and service area

b. Design period

c. Effluent limitations

d. Existing and future conditions

e. Population projections, industrial growths, and unit flow rates

f.  Wastewater characteristics: flows and concentrations; I/I; minimum, average, and peak flow

rates; mass-loadings and sustained conditions

g. Forecast, and evaluation and selection of design flow rates and mass-loadings

h. Wastewater treatment process alternatives and evaluation

i. Description of selected alternative

j.  Elements of conceptual process design

k. Operation and maintenance of the facility and emergency operation

l.  Preliminary costs and financial status
m. Environmental impact assessment report and public participation

n. Implementation plan including financial arrangements and time schedule for design and con-

struction, and project milestone
2. Describe the outcome of the facility plan.

At the completion of the facility plan, the project elements are fully defined so that preparation of
detailed plans and specifications can proceed expeditiously. The completed facility plan in the pre-
scribed format is submitted to the regional or state clearing house, EPA, and regulatory agency for
review and comments, and public hearings. The plan is then revised or amended as necessary. The out-
come of a facility plan therefore, is a well-defined, cost-effective, and environmentally sound. The
approved project is capable of being implemented and acceptable to the taxpayers, regulatory author-
ities, and general public.

6.4.2 Design Plans, Specifications, Cost Estimates, and Support Documents

Once a facility plan and project application of a community is approved by the state water quality agency,
the design phase of the project is initiated. This phase of the project deals with preparation of detailed engi-
neering design plans, specifications, and cost estimates. The plans and specifications become the official
document on which contractors base their bids for construction of the facilities. Based on the project mile-
stones established in this phase, the construction managers or administrators may hold the contractor
responsible for completion of the project.

EXAMPLE 6.37: PRELIMINARY INFORMATION AND DOCUMENTS

Many documents and some basic information are needed before the task of developing the design plans,
specifications and cost estimates can be started. Provide a list of needed important documents and
preliminary information.
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Solution
Following is a list of the preliminary information and important documents needed before starting the

design plans, specifications, cost estimates, and support documents.

1. Application to prepare design plans and specifications is necessary in specified forms
2. Statement regarding sources of local share of project cost (general taxes, sewer revenue funds, etc.)

(SN]

. A copy of resolution authorizing the official representative (mayor, council member, or others) to act
on behalf of the applicant

. Statement regarding availability of the proposed site

. Proposed contracts or explanation for selection of consulting engineers

. User’s charge or resolution that a user’s charge system will be developed

. Letter of agreement from industries participating in cost recovery system

Copy of existing sewer use ordinance or intent to develop one

RN T NS IS

. Assurance of compliance with Civil Rights Act, Uniform Relocation of Land Acquisition Policy Act,
equal employment opportunity, and others

EXAMPLE 6.38: PREPARATION OF DESIGN PLANS AND SPECIFICATIONS

The most common approach for preparation of the design plans and specifications consists of the follow-
ing tasks: (a) conceptual design, (b) preliminary design, (c) special studies, and (d) final design and spec-
ifications. Describe each task.

Solution

The successful completion of design and construction phase of a project largely depends upon the quality
of information developed during the early stages of the project.

1. List the purpose and basic steps conducted for conceptual design.
The conceptual design is conducted to develop framework for completion of the preliminary design.
The tasks accomplished are:
a. Make the principal engineering decisions
b. Finalize the preliminary design criteria used in the facility plan.
c. Select equipment and establish the preliminary facilities layout
d. Define the necessary field investigations, topographic surveys, geological and hydrological
studies, soil borings, etc.
e. Prepare the process flow diagram, connecting pipings, and hydraulic profile
f.  Define operation and control strategies
2. List the purpose and basic steps conducted for preliminary design.
The preliminary design stage is an expansion of the conceptual design. Major design decisions are
completed in this phase. The tasks accomplished are:
a. The site plan is finalized, and equipment and piping arrangements are completed.
Mitigation measures are utilized to reduce or lessen unavoidable environmental impacts.
Space and utilities requirements are finalized.
Architectural concepts are developed.

o 0 T

Preliminary cost estimates are developed.
f.  For large projects the value engineering should be well along at this stage.
3. List the information developed during the special studies.
Special studies are often needed to develop specialized information and to refine the design criteria.
The specialized information developed is:
a. Bench-scale and pilot plant testing of processes and equipment to refine the design criteria
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b. Dispersion studies for outfall siting

Odor studies to develop base-line data

The special studies must be completed before the start of the final design to avoid costly
design changes.

S

4. List the information that is developed for final design.

The detailed design plans consists of plan views, elevations, sections, and supplementary views that
together with the specifications and general layouts provide the working information for the contract
and construction facilities. The design plans specifically contains the following information:

a. Dimensions and location of units and type of equipment, location and size of pipings and
appurtenances and elevations

b. Final layout of treatment units, buildings and roads, elevation of all units and structures, and
ground elevations

c. Hydraulic profiles at maximum, average and peak hourly flows, and elevation of high and low
water levels in the receiving waters

d. Technical specifications for construction of sewers, pumping station, treatment plant, and
appurtenances must accompany the design plans.

e. The specification shall include all construction information not shown on the drawings. Informa-
tion such as quality of material, workmanship, fabrication of the equipment, complete require-
ments for all mechanical and electrical equipment including machinery, valves, pipings and
jointing of pipes, electrical apparatus, wiring, instrumentation, and meters should be included.

f. The consultant is to prepare the construction cost estimates based on the scope of work cov-
ered in the project plans and specifications. This estimate is used to judge the reasonableness
of the bids received.

g. For the construction contracts, the specifications must also include construction schedule
and project milestones, bid bond, performance bond and payment bond, fire and extended cov-
erage, workmen’s compensation, public liability and property damage, and “all risk” insurance
as required by local and state law, and flood insurance as required during and after construction.

h. Well-prepared design plans and specifications provide the following information (1) allow
contractor submit bids with small allowances for unknowns, (2) utilize high quality material
for construction, (3) complete work in timely manner, (4) integrate new facilities with existing
units under operation, and (5) require minimum changes during construction.

EXAMPLE 6.39: VALUE ENGINEERING

What is value engineering (VE)? Describe the purpose and procedure to conduct the VE.

Solution

Value engineering (VE) is an intensive review of the project elements to utilize specialized cost control
techniques. Value engineering is conducted by a review team. The purpose is to obtain the best project
without sacrificing quality or reliability. The U. S. EPA has mandated that all projects having the total
construction cost over $10 million dollars and receiving federal funding are subjected to VE analysis.
The procedure is as follows:

1. The VE team members are senior professionals who are not involved with the design of the project.

2. The number of VE teams and the number of review sessions depends upon the size and complexity of
the project. It may vary from one team and one review session, to multiple teams and multiple sessions.

3. For medium to large projects, one team and two review sessions lasting 1 week each are needed. The
first session is conducted at approximately 20—30% and second session at 60-70% completion of
the design.
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6.4.3 Construction and Construction Management

After the construction bid is approved and contractual agreements are completed, the construction phase
of the project is initiated. The construction contract must define clearly integration of new construction
with existing facility so that there is no violation of permit requirements, and construction does not create
any safety hazards to the treatment plant personnel.

EXAMPLE 6.40: CONSTRUCTION MANAGEMENT TASKS

The construction management techniques are used for timely construction of the project in accordance

with the design plans and specification. List the major construction management tasks.

Solution

The major construction and management tasks are:

1

. Verify that the contractor has adequate technical and equipment resources onsite that is compatible

with the project needs before construction begins.

. Review the contractor’s operation to ensure that the requirements of design plans and specifications

are fully implemented.

. Review and verify the construction schedule and progress in meeting the project milestones.
. Control change orders and possible construction claims.

Discussion Topics and Review Problems

6.1

6.2

6.3

6.4

Effluent sampling data was collected over a 30-day period at a wastewater treatment plant that has a
primary sedimentation basin and a trickling filter. The frequency distributions of 30-day BOD;
results are given below. Determine if 30-day average BOD5 data is in compliance with the Minimum
National Standards for Secondary Treatment as defined by the U.S. EPA.

BOD;s Concentration, mg/L 20 22 28 29 31 34 40
Frequency (or number of days), d 2 4 5 6 7 4 2

The initial and design years of a wastewater treatment facility are 2013 and 2028. The estimated
populations of these years are 35,000 and 76,000, respectively. The expected flow rates during these
periods are 600 Lpcd. What should the staging period be?

Estimate the year 2020 population of a community by using arithmetic, geometric, decreasing rate
of increase, and logistic curve fitting methods. Use the following census data.

Year Population (Thousands)
1980 31.6
1990 36.9
2010 42.3

The population data of a city are given below. Estimate the year 2020 population if the employment
projection for the year 2020 is 9200.
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6.5

6.6

6.7

6.8

6.9
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Year Population, Person Employment, Person
1990 20,000 7500
2000 21,000 8000
2010 23,000 8800

Population of City A is estimated by graphical comparison. The population of Cities B and C are
used for comparison. These cities are larger and had reached the year 2010 population of City A in
the past. Estimate the population of City A in the year 2040. Use the following census data.

Population, Person

Year

City A City B City C
1980 52,000 90,000 85,000
1990 70,000 120,000 95,000
2000 80,000 128,000 105,000
2010 90,000 140,000 115,000

Draw a generalized process diagram of a secondary wastewater treatment plant using activated
sludge process. The process diagram should include processes for both liquid and sludge streams.
A wastewater treatment plant has the following process train: bar screen, grit chamber, primary
sedimentation, trickling filter (high rate), final clarifier, gravity filtration, and chlorine contact basin.
Using the average percent removal efficiencies given for various units, estimate the effluent quality
in terms of BODs, COD, TSS, TP, ON, and NH;-N. The influent quality after mixing with the return
flows from the sludge processing areas is as follows: BOD5 = 220, COD = 450, TSS =225, TP =9,
ON =8, NH;-N =21 and NO;-N = 0. All units are in mg/L.

The effluent discharge permit of a state is 5/5/10/2 (BODs/TSS/TN/TP). The average influent BODs,
TSS, TN, and TP are 200, 240, 44, and 8 mg/L, respectively (assume TN = 50% ON + 50% AN). The
selected process train uses bar screen, grit removal, primary clarifier, BNR facility, gravity filters, and
chlorination/dechlorination. The selected processes and percent removal efficiencies of these processes
are given below. Assume no removal through bar screen and chlorination/dechlorination process.
Determine the effluent quality from each process, and overall plant effluent quality.

Removal
Efficiency, Grit Chamber ~ Primary Sedimentation =~ BNR Facility ~ Gravity Filters
%

BODs 0 35 95 45
TSS 0 58 95 70
ON 0 30 83 60
NH;-N 0 0 95 0
TP 0 15 80 35

A wastewater treatment plant utilizes chemically enhanced sedimentation followed by filtration,
carbon adsorption, and disinfection. Draw the process diagram and determine the effluent quality in
terms of BODs, COD, TSS, ON, AN, and TP. The influent quality is as follows: BODs = 220 mg/L,
COD =450 mg/L, TSS =255 mg/L, ON = 25mg/L, NH;-N =21 mg/L, and TP =9 mg/L. Use
the average removal efficiency given in Table 6.8 for each process.
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6.10

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

The effluent discharge permit of a state is 10/10/1 (BODs/TSS/NH;-H). The average influent
BOD:s, TSS, and TN are 200, 240, and 44 mg/L, respectively (assume TN = 50% ON + 50% AN).
Select a process diagram that provides effluent quality within the state permit.

A secondary wastewater treatment plant is designed for an average flow of 19,100 m*/d. Calculate
the average quantities of screenings, grit, scum, primary, and secondary sludge. The unit quantities
of residuals produced is given in Table 6.9.

The quantities of dry solids in primary and secondary sludge are 2600 and 1600 kg/d. the solids
content and specific gravities of primary and secondary sludge are 3.5% and 0.3%, and 1.02 and 1.00,
respectively. Calculate the dry solids, percent solids, and volume of combined sludge. The specific
gravity of combines sludge is 1.01.

A gravity thickener receives combined primary and secondary sludge. The combined sludge is 500
m’/d and contains 1% solids. Assume that the solids capture efficiency of the thickener is 90% and
the thickened sludge has 6% solids. Calculate the average volumes of thickened sludge and super-
natant, and average concentration of TSS in the supernatant. The specific gravities of combined and
thickened sludges are 1.00 and 1.03, respectively.

The liquid elevations in the wet well and influent channel of grit chamber are 147.48 m and 158.23
m, respectively. The elevation of centerline of the pump impeller is 150.00 m. Determine (a) static
suction head, (b) static discharge head, and (c) total static head.

A submersible pump is used for pumping wastewater at a treatment plant. The diameter of the
suction bell is 40 cm and K = 0.05. Calculate the components of head losses and total head loss in
the force main. The diameter and length of a force main are 25 cm and 150 m, respectively. There is
one enlarger from 15 to 25 cm with K = 0.2, one check valve with K = 2.5, one plug valve with K=
1.0, two gate valves with K=0.19 each, five 45° elbows with K= 0.2 each, and two 90° elbows
with K = 0.3 each. The pump discharge rate is 0.10 m>/s and Darcy-Weisbach coefficient of rough-
ness f=0.02.

A pump is delivering a flow of 1850 gpm at a TDH of 60 ft. The pump efficiency is 85% and motor
efficiency is 92%. Calculate the wire power or electrical energy input.

An intercepting sewer is 500 mm in diameter and is serving a population of 6500 residents. The
average wastewater flow is 450 Lpcd. Calculate the depth of flow and velocity at minimum flow. The
slope of the line is 0.0025. Assume n = 0.015 and minimum flow is one-third of the average flow.
A trunk sewer has a diameter of 21 in. It has a slope of 0.001 and is flowing 40% full. Determine
the depth, velocity, and discharge at partial flow condition using hydraulic element equations.
Assume n = 0.015.

An intercepting sewer is carrying a flow of 0.12 m?/s. It has a diameter of 61 cm and a slope of 0.001.
The sewer enters a manhole that has an outlet sewer diameter of 61 cm at a slope of 0.0012. Draw the
hydraulic profile and determine the invert elevation of the incoming sewer. Assume n = 0.013 and
coefficients of exit and entrance are 0.42 and 0.14, respectively.

A wastewater treatment plant is designed to serve a population of 20,000 residents. The designed
flow is 7600 m>/d (2.0 MGD). The construction cost of the facility is $ 8.0 million. The annual O&M
cost is 300,000. Calculate (a) present worth (b) equivalent annual cost (c) the unit treatment costs in
$/m> and in $/1000 gallons, and (d) $/family per year. Amortize the construction cost over 20 years
of useful life at an interest rate of 7% .

Review the model facility plan in Chapter 6 of Reference 15. Describe the purpose of a facility plan,
and provide the contents of a facility plan that is developed for construction of a wastewater
treatment facility.
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Screening

7.1 Chapter Objectives

Screening is normally the first unit operation utilized at a wastewater treatment plant. The purpose of
screens is to remove large objects that can damage equipment, block valves, nozzles, channels, pipelines,
and appurtenances. This creates serious plant operation and maintenance problems. Fine screens are gain-
ing popularity as a substitute for preliminary and primary treatment to remove suspended solids and
BOD. Applications of microscreens have also been developed for polishing secondary effluent or tertiary
treatment. The objectives of this chapter are to present:

o Types of screening devices and their applications

o Equipment description of coarse screens, design considerations, and installations

o Design criteria of coarse screens, and design examples

o Types of fine screens, design considerations, design criteria, and examples for preliminary and
primary treatment

o Special screens for treatment of combined sewer overflows (CSOs)

e Quantity, characteristics, handling, grinding and comminution, and disposal of screenings

7.2 Screening Devices

Screening devices are widely used for wastewater treatment. They are broadly classified as coarse screens,
fine screens, and microscreens. Coarse screens remove large objects for preliminary treatment only, while
fine screens remove small particulates for either preliminary or primary treatment. Microscreens are actu-
ally filtration devices that are used for either primary or tertiary treatment.'™ Brief information about
these devices is provided in Table 7.1.

7.2.1 Coarse Screens

Coarse screens (also called bar rack or bar screen) remove large objects such as rags, paper, plastics, cans,
tree branches, and like. The screening element may consist of parallel bars (or rods) or perforated plates.
The openings may be circular, rectangular, or square shapes. The opening sizes typically range from 6 to 75
mm (0.25-3 in). Coarse screens with larger opening sizes up to 100-150 mm (4-6 in) are also available and
mainly used at intake structures of water supply or power generation facilities. The types of coarse screen
commonly used in wastewater treatment are identified in Figure 7.1. These screens are either manually or
mechanically cleaned. The manually cleaned coarse screens are used at small wastewater treatment plants.
These screens are normally inclined parallel bar racks. Manually or mechanically cleaned parabolic screens
are also available for such applications. The mechanically cleaned coarse screens use either fixed bars or
moving screening elements. Except those in heavy-duty design, many of these screens are enclosed for
odor control. The fixed bars are continuously or intermittently cleaned by multiple scrapers or a single

7-1
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TABLE 7.1 Summary of Screens Used for Wastewater Treatment
Commonly Used Screen Material
Screen Opening Size, licati f
Classification mm (in) Barsor  Perforated ~ Wedge  Wire or Fabric Application — References
Rods Plate Wire Mesh
Coarse screens  25-75 (1-3) X Preliminary ~ Sections 7.2.1
treatment and 7.2.2
6-25 (0.25-1) X X Preliminary ~ Sections 7.2.1
treatment and 7.2.2
Fine screens 3-6 (0.12-0.25) X X Preliminary  Sections 7.2.3
treatment and 7.2.4
1-3 (0.04-0.12) X X Preliminary ~ Sections 7.2.3
treatment and 7.2.4
0.5-1 (0.02-0.04) X X Primary Section 9.7
treatment
Micro screens 0.25-0.5 (0.01- X X Primary Section 9.7
0.02) treatment
0.1-0.25 (0.004- X Primary Section 9.7
0.01) treatment
0.005-0.1 X Tertiary Section 15.4.7
(0.0002-0.004) treatment

arm rake. During recent years, many types of fine screens are modified for use in preliminary treatment.
Most of these self-cleaning screens consist of moving screening elements with large openings for con-
tinuous removal of trapped screenings. Brief information on each type of coarse screens is developed
based on available online information from the manufacturers. This information on different type of
screens is summarized in Table 7.2."">° The major components of these screens are illustrated in

Figure 7.

14,17,20,24,25
2.

7.2.2 Design Considerations of Coarse Screens and Installations

The design of coarse screens involves (1) location, (2) screen chamber and screen arrangement, (3) velocity
and head loss, and (4) control system.1

Coarse screens
6-75 mm (0.25-3 in)

Manually cleaned
25-

75 mm (1-3 in)

FIGURE 7.1

Mechanically cleaned
6-50 mm (0.25-2 in)

Raking
Chain-driving
Cable-driving (vertical)
Rail-guided (vertical)
Catenary
Reciprocating (or climber)

Types of coarse screens.

Other self-cleaning devices
(Variation of similar fine screens)
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TABLE 7.2 General Information about Coarse Screens Used for Preliminary Treatment

Types of Screen

Range

Description

Manually cleaned
screen

Mechanically cleaned
screens

Raking

Chain-driven

Cable-driven
(vertical)

Rail-guided
(vertical)

Catenary

Opening size: 25-75 mm
(1-3 in)

Channel width: 1-1.5m
(3-5ft)

Channel depth: 1-1.2m
(3-4ft)

Incline angle: 45-60°

Opening size: 6-50 mm
(0.25-2 in)

Opening size: 6-50 mm
(0.25-2 in)

Opening size: 6-50 mm
(0.25-2 in)

Channel width: 0.3-6 m (1-
20 ft)

Max. channel depth: 20 m
(65 ft)

Incline angle: 60-80°
Opening size: 15-50 mm
(0.6-2 in)

Channel width: 0.6-6 m (2-
20 ft)

Channel depth: up to 20 m
(65 ft)

Opening size: 10-50 mm
(0.4-2 in)

Channel width: 0.4-2.5 m
(1.3-81t)

Channel depth: up to 20 m
(65 ft)

Opening size: 6-40 mm
(0.25-1.51n)

Channel width: up to 5m
(16 ft)

Channel depth: up to 20 m
(65 ft)

Incline angle: 45-75°

The parallel bar racks are widely used in small channels at small
wastewater treatment plants (Figure 7.2a). The length of the bars is
restricted to 3 m (10 ft) to facilitate manual raking. A drainage plate
at the top temporarily stores the rakings for drainage. Manually
cleaned parabolic screens with stainless-steel wedge-shaped bars
may also be used for pretreatment (see fine screens Table 7.6 and
Figure 7.20a).

The mechanically cleaned coarse screens are continuously or
intermittently cleaned by cleaning device. The two basic types of
cleaning methods are (1) raking and (2) other self-cleaning devices.

Raking is commonly used by mechanically cleaned bar and parabolic
screens. It may use multiple scrapers or a single rake to pull the
debris similar to the manual raking operation. Raking is performed
from the front or back of the screens in three basic types of
arrangements: (a) front clean/rear return, (b) front clean/front
return, and (c) back clean/rear return. All types offer advantages
and disadvantages with effectiveness of cleaning, protection against
jamming, and vulnerability to fouling and breakage. The most
common types of raking devices are (1) chain-driven, (2) cable-
driven, (3) rail-guided, (4) catenary, and (5) reciprocating (or
climber). Rotating arm raking is used for parabolic coarse

screens. 2%

Continuously moving scrapers clean the screen from the front or the
back (Figure 7.2b). This type is available for special applications in
deep channels up to 90 m (300 ft). The maintenance requirements
are usually medium. This type of raking mechanism is also available
for fine screens (Table 7.6).%7~1

The bar rack is cleaned from the front by a single rake moving up and
down by multiple cables. They are usually in heavy-duty design.
It can be used in deep channels up to 75 m (250 ft). Vertical design
requires small footprint and can be retrofitted into existing
channels. The maintenance requirements are usually low to medium
(Figure 7.2¢).>%'>1°

The screens are usually back cleaned/back return. The operation of
this type of screens is very similar to that for cable-driven screens.
The vertical structure reduces space requirements and allows for
easy retrofit. The maintenance requirements are usually low to
medium (Figure 7.2d). #1718

This type of screen uses front cleaned/front return arrangement. It is
suitable for use in wide channels up to 9 m (30 ft). The weight of
chain holds the rake against the moderately inclined rack. The
required headroom is relatively low, but need large floor area. The
sprockets are not submerged, and most maintenance can be done
above the operating floor. The heavy-duty design is suitable for the
unattended facilities where loads may vary significantly. Periodical
manual cleaning is required because the rakes pass over heavy
objects at the base to avoid jamming. They require medium
maintenance (Figure 7.2¢) 51920

(Continued)
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TABLE 7.2 (Continued) General Information about Coarse Screens Used for Preliminary Treatment

Types of Screen Range Description
Reciprocating (or  Opening size: 6-50 mm The heavy-duty screens are cleaned from the front or back of the
climber) (0.25-21in) screens. Usually, a cogwheel-driven carriage with a pivot cleaning
Channel width: 0.6-4 m rake arm travels up and down along a looped guide track. The rake
(2-13ft) engages the screen at the bottom, cleans trapped materials while
Channel depth: up to 15m  moving upward, and discharges the screenings through a chute into
(50 ft) a container at the top. It is can be used in wide channels up to 9 m
Incline angle: 75-90° (30 ft). When it is used in deep channels, more headroom than other

types is needed. The screen requires small floor area due to a steep
incline. The maintenance requirements are low to medium since all
moving parts are above the water surface (Figure 7.2f).%7*">*

Other self-cleaning  Opening size: 6-50 mm As a variation of similar fine screens (Table 7.6), these coarse screens
devices (0.25-2in) can be used for preliminary treatment. The screen elements are
Single unit capacity: normally from stainless steel or high-strength plastics. These screens
90-24,000 m*/h (0.6-150 include:
MGD)

« Parabolic with rotating rakes: curved bars or wedge wires with
openings 6-12 mm (0.25-0.5 in) (Figure 7.2g)25

o Spiral (or basket): perforated plates with openings 6-10 mm
(0.25-0.4 in)

« Continuous moving elements: perforated plates, wedge-shaped
bars, molded links, or patterned meshes or grids with openings 6—
30 mm (0.25-1.2in)

« Inclined rotary drum: wedge-shaped bars with openings 6-10
mm (0.25-0.4 in)

» Rotary shear drum: perforated plates with openings 6-50 mm
(0.25-2 in)

These screens require medium to high maintenance (Table 7.6).

Screen Location: The coarse screens should be located ahead of pumps or grit removal facility.
They provide protection against large objects that may wrap around moving parts, jam equipment, and
bock channels, valves, and piping.

Screen Chamber and Screen Arrangement: The screen chamber is designed to prevent accumulation
of grit and other heavy materials. It is a rectangular channel having a flat (horizontal) or mild slope. It
should provide a straight approach, perpendicular to the screen for uniform distribution of flow and
screenings over the entire screen area. At least two bar racks, each designed to carry the peak flow,
must be provided for continued protection in case one unit is out of service. Arrangements for stopping
the flow and draining the channel should be made for routine maintenance. The entrance structure
should have a smooth transition or divergence in order to minimize the entrance losses. The effluent
structure should also have smooth transition. Rectangular weir to control channel depth should be
avoided as heavy material will settle in the channel. If the screen is located ahead of the grit chamber,
the depth and velocity in the channel should be controlled by the water surface elevation in a grit cham-
ber. It is however required that the flushing velocity is developed under normal operating condition. If
the screen is ahead of a wet well, a head control device such as proportional weir or Parshall flume should
be provided so that low depth and high velocity do not occur at the screen due to drawdown resulting
from a free fall."**>® The bar rack chambers, and influent and effluent arrangements are shown in
Figure 7.3.!

Velocity and Head Loss: The desirable upstream channel length is usually 2-4 times of the width
of the channel. The ideal range of approach velocity in the upstream channel is usually 0.4-0.45m/s
(1.25-1.5ft/s) to prevent solids deposition and avoid strong turbulence in the channel. The velocity
through the clean screen should not exceed 0.6 and 0.9 m/s (2 and 3 ft/s) at design average and peak
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flow, respectively. Higher velocity will push debris through the screen, while lower velocity accumu-
lates larger quantity of screenings. The allowable head loss through the clogged bar racks is 150 mm
(6 in). The maximum design head loss may range from 250 to 600 mm (10-24 in) for the continuous
belt screens with perforated plates. For design purposes, the head loss through the screen may be
calculated from Equations 7.la or 7.1b."*?® The actual head loss shall be validated with the
screen manufacturers.

Equation 7.1a is used to calculate head loss through clean or partly clogged bars, while Equation 7.1b is
used to calculate head loss through clean screen only. The head loss across the entire screen chamber
should also include head loss due to entrance, bends, expansion, contraction, and exit.

2 .2 1
hL = ‘IZTV X <C—d) (713)
4/3
hy = f x (%) X hy x sin@ (7.1b)
(a) Platform

&

Channel

Bars

W/ .

Grit Trap / = Flow -
N
=iy

Trip Raller
{not seen)

Control Panel

red )

g6l

i

FIGURE 7.2 Design details of manually and mechanically cleaned coarse screens: (a) manually cleaned bars, (b)

chain-driven (Courtesy Triveni Engineering and Industries Ltd.), and (c) cable-driven (Courtesy Triveni Engineering
and Industries Ltd.). (Continued)
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where
hy, = head loss across the screen, m (ft)
V and v = velocity through the screen, and approach velocity in the channel upstream of the screen,
m/s (ft/s)
g = acceleration due to gravity, 9.81 m/s” (32.2 ft/s”)
w = total cross-sectional width of the bars facing the direction of flow, m (ft)
b = total clear spacing of bars, m (ft)
hy = velocity head of the flow approaching the bars, m
6 = angle of bars with respect to the horizontal, degree
Q = discharge through screen, m’/s, (ft*/s)
Cq = coefficient of discharge, dimensionless. Cq=0.60 for clogged screen, and 0.70 for
clean screen.
B = bar shape factor, dimensionless
(d)
Chain &
sprocket
Rake rail Support
frame
Wiper Drive &
carriage
Chute Bar rack
Rake Rake
Bar rack

()

Static
parabolic
screen

FIGURE 7.2 (Continued) Design details of manually and mechanically cleaned coarse screens: (d) rail-guided
(Courtesy John Meunier Products/Veolia Water Technologies Canada), (e) catenary (Courtesy Mabarex, Inc.), (f)
reciprocating (Courtesy Vulcan Industries, Inc.), and (g) parabolic (Courtesy John Meunier Products/Veolia Water
Technologies Canada).
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FIGURE 7.3 Double chamber bar rack, and influent and eftfluent arrangement.

The B values of bar shape factors for clean screen are summarized as follows:

Bar Type B
Sharp-edged rectangular 242
Rectangular with semicircular upstream face 1.83
Circular 1.79
Rectangular with semicircular upstream and downstream faces 1.67
Tear shape 0.76

The basic design factors for manually and mechanically cleaned bar screen are presented in Table 7.3."

Control Systems: The mechanically cleaned screens operate by an independent, motor-driven time
clock adjustable to give cycle time ranging from 0 to 15 min. Additionally, the raking device has an auto-
matic override if a preset high water level upstream of the screen or head loss across the screen is reached.

Velocity Control Requirements: The horizontal velocity through the screen chamber should remain
relatively constant within the desired range under variable flow condition. Unfortunately, the velocity
in a channel is typically and easily exceeding 0.3-1.0 m/s (1-3.3 ft/s) when the channel floor is flat at
the downstream end with a free-fall condition. Therefore, a proper method must be applied to achieve
proper velocity control purpose. The common velocity control methods include (a) sutro or proportional
weir, (b) Parshall flume, (c) raised floor bottom, or (d) automatic controlled weir gate.

Velocity Control in a Rectangular Channel: In a rectangular channel since the channel width does not
change, a constant horizontal velocity is achieved if the water depth in the channel is maintained
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TABLE 7.3 Basic Design Factors for Manually Cleaned and Mechanically Cleaned Screens

Design Factor Manually Cleaned Mechanically Cleaned

Velocity through screen, m/s (ft/s) 0.3-0.6 (1-2) 0.6-1.0 (2.0-3.3)
Bar Size

Width, mm (in) 4-8 (0.16-0.32) 8-10 (0.32-0.4)

Depth, mm (in) 25-50 (1-2) 50-75 (2-3)
Clear spacing between bars, mm (in) 25-75 (1-3) 6-75 (0.25-3)
Slope from horizontal, degrees 45-60 75-85
Allowable head loss, clogged screen, mm (in) 150 (6) 150 (6)
Maximum head loss, clogged screen, mm (in) 800 (32) 800 (32)

proportional to the flow, or the ratio of flow to depth is constant. In numerical term, the horizontal velocity
is expressed by Equation 7.2.

Vi = = constant (7.2)

=0

Q
WD
where

V1, = horizontal velocity, m/s (ft/s)

Q =flow, m3/s (ft3/s)

A = cross-sectional area of the channel, m? (ft?)

W = channel width, m (ft)

D = water depth in the channel corresponding to flow Q, m (ft)

The sutro and proportional weirs are installed at the outlet section of the channel, and designed to main-
tain water depth in the channel proportional to the flow. These weirs are a combination of a straight weir
crest and a well-shaped opening or orifice through which the discharge occurs. The details of sutro and
proportional weir are shown in Figure 7.4. Ideally, the length needs to be extended to infinity at the the-
oretical weir datum elevation. In reality, it is impossible to achieve this condition in a channel. Therefore,

(a) / Emergency section (b)
Freeboard Solid metal plate

Opening or orifice
area through which
the discharge occurs

U,

Opening or orifice Max head over the weir
area through which | datum
the discharge occurs

ﬂ‘é—\)fir datum

Orifice area cutoff or
rejected area
compensated by lowering
the weir crest

Length of weir crest Length of weir crest

FIGURE 7.4 Definition sketch of constant velocity control section in a rectangular channel: (a) sutro weir, and
(b) proportional weir.
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@ o (b)

Parabolic section

/ . . . .
4/ Design section (combination of

trapezoidal and rectangular
sections equal to the cross
sectional area of parabolic section)

Diverging section

Converging section

A Throat of Parshall flume

(a rectangular opening)  Area for conveyer buckets

FIGURE 7.5 Definition sketch of a Parshall flume in a trapezoidal channel represented by a parabola: (a) plan, and
(b) Section AA.

the curved section is typically cut off beyond a desired weir crest length that is less than or equal to the
channel width. When the ideal weir shape is applied at a finite weir length, the actual velocity in the chan-
nel may vary slightly with the water depth because of such nonideal conditions. However, the velocity var-
iation is usually within an acceptable range. In some designs, a compensation of the rejected area may also
be considered by lowering the weir crest from the weir datum. Readers may review Examples 7.6 and 7.7
for details on this subject.

Velocity Control in a Parabolic or Trapezoidal Channel: In a channel with varying cross section such
as parabolic, trapezoidal, or a combination of trapezoidal and rectangular channel, the control section is a
Parshall flume. The throat or control section of Parshall flume is rectangular and maintains a constant
velocity in the channel. The dimensions of standard Parshall flumes and design information are provided
in Appendix C. True parabolic channel is difficult to construct. Therefore, it is normally replaced by a
trapezoidal-rectangular channel of cross-sectional area. The definition sketches of parabolic and trapezoi-
dal-rectangular channels with Parshall flume at the control section are shown in Figure 7.5. The design
example of a Parshall flume in a parabolic channel is presented in Chapter 8.

EXAMPLE 7.1: RATIO OF CLEAR AREA TO TOTAL AREA

A bar rack has 30 parallel bars equally spaced in a chamber. The clear spacing is 25 mm. The width of the
bars is 12 mm. The water depth in the channel upstream of the rack is 1.5 m. Calculate the width of the
chamber and the ratio of the clear area to total screen area.

Solution
1. Determine the total clear opening area.

There are 30 parallel bars. Total number of clear spaces = 31 spaces

m
Total width of clear opening = 31 spaces X 25 mm/space X ——— = 0.775m
w pening p /sp 0% o

Total clear opening area = 0.775 m x 1.5 m = 1.16 m*
2. Determine total area of the screen.

=0.36m

Total width of all bars = 30 bars x 12 mm/bar x 3m
10° mm

Total width of the channel = total width of clear opening + total width of all bars
=(0.775+0.36) m = 1.135m

Total area of the screen = 1.135m X 1.5 m = 1.70 m>

This is the screen area that is submerged under water in the channel.
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3. Calculate the ratio of total clear opening and total screen area.

1.16 m?
The ratio = mo_ 0.68
1.70

m2

This ratio is called screen efficiency factor. The manufacturer normally provides this ratio for their
standard screens.

EXAMPLE 7.2: HEAD LOSS ACROSS A BAR SCREEN

A mechanically cleaned bar screen is installed ahead of a velocity controlled grit channel. There are 28
parallel sharp-edged rectangular bars 10 mm wide placed at a clear spacing of 20 mm. The flow through
the screen is 0.75 m>/s, and the depth of flow is 1.45 m upstream of the screen. The angle of inclination of
bars is 80° from the horizontal. Calculate, (1) head loss across clean screen, Cq = 0.7, and (2) head loss
across the screen when the screen is 50% clogged, C4 = 0.6.

Solution

1. Calculate the clear area of the screen.

m
Total width of clear opening =29 spaces X 20 mm/space X e 0.58 m
Total clear opening area =0.58 m x 1.45m = 0.84 m*
2. Calculate the cross-sectional area of the channel.
m
Total width of all bars =28bars x 10mm/bar X ———=0.28m
10° mm
Total width of the channel =(0.58 + 0.28) m = 0.86 m
Total area of the screen =0.86m x 1.45m = 1.25 m*

3. Calculate the approach velocity in the channel, and velocity through clean screen openings.

_0.75m°/s

Approach velocity S e

= 0.60m/s

Clear screen opening area perpendicular to the direction of flow = total clear opening area = 0.84 m*

0.75m3/s

0Bim 0.89m/s

Velocity through screen openings =

4. Calculate the head loss through clean screen.
Calculate the head loss Ay, from Equation 7.1a with C4 =0.7.

_ (0.89m/s)* — (0.60m/s)” y

h 1
t 2 x 9.81 m/s? 0.7

= 0.031m

Calculate the head loss Ay, from Equation 7.1b with a bar shape factor f = 2.42.

x sin80 = 0.017 m

b s <0.28 m>4/3 (0.60 m/s)?

X
0.58 m 2 % 9.81 m/s?

The actual head loss through clean screen may be between 0.02 and 0.03 m.



Screening

5. Calculate the head loss through 50% clogged screen.

7-11

Calculate the head loss through 50% clogged screen h; 5o from Equation 7.1a with Cq = 0.6. At 50%
clogged screen the area is reduced by half and velocity through screen is doubled.

(2 x 0.89m/s)* — (0.60 m/s)>
2 x 9.81 m/s>

1
hiso =
L50 06

X —=10.24m

The head loss through clogged screen is about 10 times of that when it is clean.

EXAMPLE 7.3: WATER DEPTH AND VELOCITY IN THE SCREEN CHAMBER
UPSTREAM OF A BAR SCREEN

An interceptor discharges into a bar screen chamber. The velocity and depth of flow in the interceptor are

1 m/s and 1.2 m, respectively. The width of the screen chamber is 1.5 m, and coefficient of expansion K, =

0.5. The floor of screen chamber is horizontal, and the invert is 0.06 m below the invert of the interceptor.

Calculate the velocity and depth of flow in the screen chamber upstream of the bar rack. The flow in the

interceptor is 1.1 m?/s.

Solution

1. Draw the problem definition sketch (Figure 7.6).

z

7
|
4-
|
|

| / Screen

Datum

FIGURE 7.6 Definition sketch of screen chamber (Example 7.3).

2. Select equations for the calculations.

Select Bernoulli’s energy equation that is expressed by Equation 7.3a at sections (1) and (2).

2
1

2

1% 1%
Zi+d+—=Z+d+2+h

28 28

where

(7.3a)

Z, and Z, = chamber bottom elevations at sections (1) and (2) above datum, m (ft)
d, and d, = water depths at sections (1) and (2), m (ft)
vi and v, = velocities at sections (1) and (2), m/s (ft/s)

hy,

= head loss between sections (1) and (2), m (ft)

The head loss by, is calculated from the velocity head differential between sections (1) and (2) and
expressed by Equations 7.3b or 7.3c. Either equation is modified from minor head loss equation (Equa-

tion 6.15b).

(vi —v3)  (for expansion, v; > v)

(7.3b)
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h =

K
2—C (v% — vf) (for reduction, v, > vy) (7.3¢)

where K, and K. = coefficient of expansion or reduction, dimensionless

Typical value of K, or K_ is between 0.3 and 0.5 (see Appendix C).
3. Determine the depth of flow (d,) and velocity (v,) in the screen chamber.
Assume datum is at the chamber bottom, Z, = 0 m.
Apply Equations 7.3a and 7.3b at sections (1) and (2) with K. =0.5.

(1.0m/s)? v 0.5

0.06 1.2 B d : 1.0 2 _ 2
mAlemt  osime et o s ime T2 x 9.81m/52(( /B = 7]
0.5 x v2
1.285m=dy +-— 2
M=t 98im/s
: Q 1.1m%*/s  0.733m?/s
Substitut = = =
LA deW d2><1.5m d2
e s 0.5 L (0733m?/s ?
a m =
T 2% 9.81m/s? d;
0.0137 m?
1285m=dp +——
ds

d3 — (1.285m) x d2 +0.0137m’ = 0
Solving by trial and error procedure, d, = 1.28 m

1.1m3/s

Vy=—"
1.28m x 1.5m

=0.57m/s <,

EXAMPLE7.4: DEPTH OF FLOW, AND VELOCITY IN THE SCREEN CHAMBER OF
THE BAR RACK

A rectangular channel contains a bar rack. The width of the chamber downstream is 1.25 m and the flow
through the chamber is 1 m?/s. The water depth in the chamber upstream of the bar rack is 1.4 m. The
velocity through the clear rack openings is 0.9 m/s and C4 = 0.7 for clean screen. Calculate (a) approach
velocity, and (b) depth and velocity in the channel down stream of the bar rack.

Solution

1. Draw the definition sketch (Figure 7.7).
2. Calculate head loss through bar rack.

1m3/s

A h velocity, v = ————
pproach velocity, v, = 7o ————

=0.57m/s

Calculate hy, from Equation 7.1a with C4=0.7.

2 2
_ ©9m/sy —Q©57m/s)” 1 _ oo

. 1
k 2 x 9.81 m/s? 0.7
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@ ®

|
| v

________________ T3
d, _l> dsy Il—’v3
|

| Screen
FIGURE 7.7 Definition sketch of screen chamber (Example 7.4).
3. Calculate the depth of flow in the channel downstream of the rack.

Q 1m’/s _0.8m2/s

Downstream velocity, v = = =
U Vs = X W ds x1.25m ds

Apply Equation 7.3a at sections (2) and (3), Z,=Z; =0

At T ! DEH 2+0035
m 4 m ——=Um o m
2 x 9.81 m/s? *T2%x981m/s2\ ds

0.0326 m®

1.382m = ds + >
ds

di — (1.382m) x d2 4+ 0.0326 m> = 0
Solving by trial and error procedure, d; = 1.36 m

1m’/s

V3=—"—
1.36 m x 1.25m

=0.59m/s

Note: The depth of d; may also be estimated from d, and hy: ds = d, — hy, = (1.4 — 0.035) m = 1.37 m.
This approach is much simplified and practically acceptable.

EXAMPLE 7.5: EQUATIONS FOR THE PROPORTIONAL WEIR DEVELOPED
FROM ORIFICE EQUATION

Sutro and proportional weirs are devices that are constructed at the downstream section of a rectangular
channel. The purpose is to maintain a constant velocity in the channel. Develop the orifice equations, and
develop the generalized equations for discharge through ideal sutro and proportional weirs. Assumed
weir crest, which is also the channel bottom, is set at the weir datum.

Solution

1. Write the orifice equations.
The discharge through an orifice is expressed by Equations 7.4a and 7.4b.

Q= CsA{/2gH (7.4)

V = Cay/2gH (7.4b)
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where
Q = discharge through the orifice, m*/s (ft*/s)
V' = velocity through the orifice, m/s (ft/s)
Ca = coefficient of discharge, dimensionless

Plate thickness is smaller than the orifice diameter Cq = 0.6 (typical)
Plate thickness is greater than the orifice diameter Cq=0.8
Round edge orifice Cq=0.92

A = area of the orifice, m” (ft?)
H = effective head over the orifice, m (ft)
For a free outfall, it is measured from the center of the orifice to the headwater (upstream
water) surface (Figure 7.8a).
For a submerged orifice, it is the head loss through the orifice that is measured as the vertical dif-
ference between the headwater and tailwater (downstream water) surfaces (Figure 7.8b).

(a) Headwater [] (b) Headwater
- = A
H
H
vy Tailwater
—— A\ >
Orifice l Tailwater Orifice

FIGURE 7.8 Effective head: (a) free outfall orifice, and (b) submerged orifice (Example 7.5).
2. Draw the definition sketches of sutro and proportional weirs (Figure 7.9).

(a) (b)

Opening or orifice

through which the
discharge occurs \

e

Weir —/
datum

Weir Area
datum cutoff

FIGURE 7.9 Definition sketch of velocity control structures: (a) Sutro weir, and (b) proportional weir
(Example 7.5).

Notes: y = height of the elemental section above the weir datum (or crest), m (ft); x = width of the elemental section (weir open-
ing) at height y, m (ft); dy = depth of the elemental section, m (ft); H = maximum water head over the weir datum at design flow,
m (ft); h = head over the elemental section, h = H — y, m (ft).
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Based on the definition sketch, the generalized equations for the weir through which discharge
occurs are developed below.> !

. Write the flow equation through the elemental section (Equation 7.5a).

dQ = Cay/2gh(dA) = Cay/2g(H — y)(x dy) (7.52)

where
dQ = flow through the elemental area, m®/s (ft*/s)
dA = area of elemental section, dA = x dy, m? (ft?)
Cq = coefficient of discharge, dimensionless

. Write the integral equation of total flow through the proportional weir opening.
Assume the total flow through the weir opening is Q at the maximum water head H.
The integration of Equation 7.5a from y = 0 to y = H should give the total flow Q by Equations 7.5b
and 7.5c.

Q H

Q= jdo = j Con/Z3J/ = pxdy (7.5b)
0

0

H
Q=¢C j V(H —y)xdy (7.5¢)
0

where Q = total flow through the weir opening (orifice), m>/s (ft3/s)
C, = constant that is expressed by Equation 7.5d.

C = Cay/2g (7.5d)

. Write the constant horizontal velocity equation in the rectangular channel.
The horizontal velocity is derived from Equation 7.2 at the maximum head of H or depth D (Equa-
tion 7.6a).

_Q_Q (7.62)

Vh =
WH WD

=0

where

vh = constant horizontal velocity through the channel, m/s (ft/s)

A = cross-sectional area of the channel, A = WH = WD, m* (%)

W = constant width of the rectangular channel, m (ft)

D = maximum water depth of the rectangular channel, m (ft)
The maximum water depth D in the channel is also equal to H when the weir datum is set at the
channel bottom.

Since W is constant for a rectangular channel, v, is kept constant in the channel if Q is proportional
to H (Equation 7.6b).

Q = wwWH = G,H (Q is proportional to H.) (7.6b)

where C, = constant, C, = , W (7.6¢)

. Find a function for x and y such that Equation 7.5c satisfies Equation 7.6b.
Assume that the openings (or orifice shape) of sutro or proportional weir is designed to fit the
following conditions in Equation 7.7a:
x=Ky'? or K=uxy"? (7.72)

where K = constant

7-15
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Substitute Equation 7.7a in Equation 7.5c to obtain Equation 7.7b.

H
Q= CIKJ (H;y)dy (7.7b)
0

Assume z = 2 or dy=Hdz
H
Aty=0,z=0,
Aty=H,z=1

Substitute theses values in the integral of Equation 7.7b.
1
1—
Q = CIKH J % dz
0

This function is integrated by trigonometric substitution, or found from integration table.
The integrated value is given by Equation 7.7c.

Q= gcd@KH or Q= G;H (Q is proportional to H.) (7.7¢)
where C; = constant that is expressed by Equation 7.7d.

C3 = %C]K or C3 = %Cd@K (77d)

. Develop the general equations for obtaining the ideal profile of weir opening.

The generalized equations for the discharge through the proportional weir are developed from
Equation 7.7c.

In accordance with Equation 7.7c, the weir opening profile must be developed in such a way as
expressed by Equation 7.8a.

xyl/2 = xlyi/z = xzy;/z =...= xiyil/2 = ... = LH'Y? = K(constant) (7.8a)

where L = top length of weir opening at the maximum head H over the weir crest, m (ft)
Substituting K = LH"/? in Equation 7.7c, the equation is expressed by Equation 7.8b.

Q= gcd@(LHl/z)H or Q= %cd\/ﬁf,m/2 (7.8b)

where Cy = coefficient of discharge, dimensionless. Due to slime growth and obstructions, the com-
monly used value is 0.6 for applications of proportional weir in raw wastewater.
Appling Cg = 0.6, Equation 7.8b is simplified to Equations 7.8c through 7.8e.*!

Q= 1.57C4\/2gKH or Q= 1.57C4,/2gLH*"? (7.8¢c)
Q=4.17KH or Q=4.17LH*? (SIunits) (7.8d)
Q=756KH or Q=7.56LH* (US. customary units) (7.8¢)

As defined in Equation 7.8a, these equations should be applicable to any x and y. The generalized
equations are expressed by Equations 7.8f through 7.8h.

q=157C4y/2gKy or q=1.57Cq\/2gxy** (7.8f)
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g=417Ky or q=4.17xy"? (SI units) (7.8g)
q=756Ky or q=7.56xy"> (U.S. customary units) (7.8h)
The weir opening profiles (or orifice shapes) of ideal sutro and proportional weirs are illustrated in
Figure 7.10. In reality, the curved weir section is typically cut off at a desired weir crest length b. For a

practical velocity control purpose, the ideal equations can still be used to develop the approximate
weir profile.

(b)

FIGURE 7.10 Weir opening profiles: (a) Sutro weir, and (b) proportional weir (Example 7.5).
Note: b= length of the actual weir crest, m (ft).

EXAMPLE 7.6: PROPORTIONAL WEIR DESIGN

A bar rack is provided ahead of a pumping station. The screened wastewater has a free fall into the wet
well. A proportional weir is provided at the free fall to maintain the normal depth into the screen chamber.
Design the proportional weir to maintain 0.61 m/s velocity in the channel downstream of the bar rack.
The peak discharge through the rack is 1.25m’/s. The width of the screen chamber W = 1.6 m, the
weir length is less than the chamber width, the bottom of the chamber is horizontal, and the weir crest
is flushed with the channel bottom. Calculate at peak discharge (a) maximum depth of flow in the channel
downstream of the bar rack, (b) develop the profile of ideal proportional weir and determine the weir
length, (c) head loss through the bar rack if the velocity through the screen at peak discharge is 0.89
m/s, and (d) depth of flow and velocity in the channel upstream of bar rack. The weir crest is at the chan-
nel bottom. Assume it is also the weir datum.

Solution

1. Draw the definition sketch below (Figure 7.11).
2. Determine the maximum depth d; at flow Q in the channel upstream of the proportional weir.

1.25m3/s
Cross area of flow Qin the channel, A; = g = 7/ =2.05m’
v; 0.6lm/s
2.05m?
Maximum depth in the channel, d; = M 128m

1.6m
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(b)

Emergency flow

I | A Proportional s
__________ J'_____ L—/hL: o weir =1 L]l
' N T T T RS S5/ & [
| Vy f Iy, AN i H
s [l RS N
! | ARAR L -
| T T ‘I\ |} |\||“ | T |
| | L ’.I‘I, 'Il Il W “
A
Wet well

FIGURE 7.11 Definition sketch of screen chamber and proportional weir: (a) longitudinal section of screen
chamber, and (b) Section AA showing proportional weir (Example 7.6).

Since the crest of the proportional weir is in level with the channel bottom, the maximum head H
over the weir is also 1.28 m.
3. Determine the opening width of the proportional weir at H= 1.28 m.
The ideal opening width is calculated from Equation 7.8d.

Q 1.25m3/s

= = =0.207m or 0.2lm
4.17H32 " 417 x (1.28 m)*/?

4. Develop the ideal orifice profile of the proportional weir.
In order to maintain a constant velocity in the channel, K is determined from Equation 7.8a.

K = LH"Y? = 0.207m x (1.28 m)"/? = 0.234 m*/?

The proportional weir calculations are tabulated below. The ideal weir profile is shown in

Figure 7.12.
st y—qi g epEne Ve e

9 s (Equation 7.8¢g), m  (Equation 7.7a), m - vs = Q/(ds x W), m/s
1.25 (Q) 1.28 0.21 128 0.61

1.00 1.02 0.23 1.02 0.61

0.75 0.77 0.27 0.77 0.61

0.50 0.51 0.33 0.51 0.61

0.25 0.26 0.46 0.26 0.61

0.049% 0.05 1.05 0.05 0.61

* This flow is assumed to determine the length of weir crest of 1.05 m.
Note: Although flow varies, but the velocity in the channel remains constant.

5. Compute the depth of flow d, and velocity v, upstream of the bar rack.
Apply Bernoulli’s energy equation (Equation 7.3a) upstream (section [2]) and downstream of the
bar rack (section [3]) with Z, = Z; =0.

2 2
g4+ B
d2+2g_d3+2g+hL
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|~ Emergency flow section
«—024lm>»| —(128m
«—O0pP3m>»\ —— | 1.02m
«— 07 m—\ —— | 0.77m
«—— 033m—>»\ ———— (051 m
« 0.46 m > 0.26 m
0.05 m
v
0.00
|« 105 m — > g
< 1.60 m \\ >
Channel bottom

and weir crest

FIGURE 7.12 Design of proportional weir at the effluent structure (Example 7.6).

Head loss through screen is calculated from Equation 7.1a.

2 _
=2 (2)
Zg Cd

Substitute, d3 = 1.28 m, v; = 0.61 m/s, V=10.89 m/s, and Cq = 0.7.

V2 (0.61m/s)*  (0.89m/s)* —v3 1
dy+——2 =128 2 % —
2 X 981m/s Mt X 98Im/? | 2x98lm/ 07
Q 1.25m’/s  0.781m?/s

Velocity of flow upstream of the bar rack, v, = X W dxlém 5

d; — 1.36d; +0.0755 = 0

Solve by trial and error procedure, d, = 1.31 m

1.25m3/s

=————=0.57m/s = 0.60m/s
1.31m x 1.6 m

1%)

6. Calculate the head loss through the bar rack from Equation 7.1a with Cq4 = 0.7.

0.89 2 _ (0.60 2o
py = 080m/s) —(Q60m/9" 1 _ o
2 x 9.81 m/s? 0.7
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Note: The head loss across the bar rack is also equal to the difference in the depth of water in the
chamber upstream (d,) and downstream of the bar rack (ds). This is consistent with the comments
as a note given at the end of Example 7.4.

EXAMPLE 7.7: LOWERING PROPORTIONAL WEIR CREST TO COMPENSATE
CUTOFF AREA

A proportional weir is constructed at the downstream end of a rectangular channel. The width of the
channel is 1.4 m. The maximum water depth at peak design flow is 1.5 m, and the weir opening at the
top is 0.30 m. The weir crest spans over the entire channel width; and is lowered from the weir datum
to compensate for the areas cutoft at the ends. Determine (1) the cutoff height of the weir at the ends,
and (2) the depth of lowered weir crest to compensate for the curved area cutoff.

Solution

1. Draw the definition sketch in Figure 7.13.

T
i — [ -030m
!
. A
!
|
i
i
!
I
i H p_15m
i

Weir datum |

\\ I dA =y. dx

i
. y l

_______________ ANV YN
B Whi—"

| boiam — | f
<—x—><—
dx

Channel bottom

FIGURE 7.13 Definition sketch of proportional weir (Example 7.7).
Notes: a = depth of lowered weir crest to compensate for the curved area cutoff, m (ft); b =length of the weir crest, m (ft);
and Z = cutoff height of the weir at the ends, m (ft).

2. Explain the purpose for lowering the weir crest.

The relationship x = K/y'/? has a limitation that when y = 0, x = co. For this reason, the bottom
portion of the weir is usually modified. A realistic length of weir crest is adapted, and the curved areas at
both ends are cutoff. The weir crest is lowered to compensate for the rejected areas by a rectangular
section (a x b).

3. Calculate the cutoft height of the proportional weir that excludes the curved areas through trial-and-
error procedure.
a. First iteration.
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Determine the water head over the weir crest H.

Since a is unknown, assume H= D — a ~# D = 1.5 m to initiate the procedure.
Determine the constant K.

The constant K in Equation 7.7a is calculated from the data given in the example, L = 0.30 m
and K= LHY?=0.30m x (1.5 m)"/? = 0.367 m**
Determine vertical portion Z.

The vertical portion Z, which is the cutoff height at the ends of the proportional weir, is also
calculated from Equation 7.7a.

K\* _ (0.367m*?\’

Calculate the areas cutoffs on both ends.

KZ
Y= 2
dA = ydx
where

dA = elemental area in the cutoff section, dA = ydx, m? (ftz)

X = horizontal distance of the elemental area dA from the center line of the weir, m (ft)
dx = width of the elemental area, m (ft)

¥ = height of the elemental area, m (ft)

K2
X

Integrate the equation.

A

X
0 b2
[—Kz]““ K2 (0.367 m¥?)’ .
A=|—| == =227 7 _0192m
x 1y b/2 0.7m

Calculate the depth of lowered weir crest.
Total compensated area (both sides) 24 =2 x 0.192 m? = 0.384 m*

0.384 m?
Height of the compensated area, a = 2O 0.274m

1.4m
b. Second iteration.
Determine H.

H=D—a=(1.5-0274m=1.23m
Determine the constant K from Equation 7.7a.
K =0.30m x (1.23m)"? = 0.333 m*/?

Determine vertical portion Z from Equation 7.7a.

0.333m%2\>
z= (=1 ) =0.0566m
4m
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Calculate the areas cutoffs on both ends.

_(0.333m¥?)’

A= = 0.158 m?
0.7 m

Calculate the depth of lowered weir crest.

2A =2 % 0.158 m? = 0.316 m?

0.316 m?
a=—
1.4m

= 0.226 m

c. Third through six iterations.
After repeating the trial-and-error procedures six times, the final results are obtained.

H=1.27m

K = 0.338 m*?
Z = 0.058 m
A =0.163 m?
a=0.23m

Therefore, the weir crest will be lowered by 0.23 m to compensate for the areas cutoff on
both sides.
The vertical portion of the proportional weir (Z+ a) = (0.058 + 0.23) m = 0.29 m (0.95 ft)

EXAMPLE 7.8: PARSHALL FLUME AT THE EFFLUENT STRUCTURE

A bar rack precedes a pumping station. The screened wastewater has a free fall into the wet well. A Par-
shall flume is provided before the outfall to regulate water depth in the screen chamber. The velocity
through the bar screen and approach velocity are 0.9 and 0.6 m/s. Assume Cq= 0.7 for clean screen.
The width of the channel is 1.5 m and the throat width of the Parshall flume is 0.6 m (2 ft). The peak
flow through the screen is 1.25 m®/s. Design the effluent structure and determine the water depth and
velocity in the channel upstream and downstream of the bar rack, and head loss through the screen.
Ignore the small head loss at entrance of the Parshall flume.

Solution

1. Compute the depth of flow in the channel upstream of the screen.

Q 1.25m3/s

= =1.39m
v, x W 0.6m/s x 1.5m

Depth d, =

2. Compute head loss through the screen.
Calculate Ay, from Equation 7.1a with C4=0.7.

2 2
_09m/s)” - (06m/s)" 1 _ oo

1
hy,
2 X 9.81 m/s? 0.7

3. Compute the depth of flow and velocity in the channel after the bar rack.

Q 1.25m’/s  0.833m?/s

Velocity after bar screenv; = = =
¥ ’ d3 x W d3 X 1.5m d3
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Apply Bernoulli’s energy equation (Equation 7.3a) at sections (2) and (3), Z,=Z3;=0

Om+ 1.39m + (0.6m//s)" Om +ds + ! OO 2+0 033
m . m —— =Um . m
2 x 9.81 m/s? > T 2%x9.81m/s? ds
0.0354 m®
1.287m = d; + —a
3

d; — (1.375m) x d2 +0.0354m’ = 0

Solving by trial and error procedure, d; = 1.36 m

1.25m?/s

=———=0.61m/s
1.36 m x 1.5m

V3
4. Determine the dimensions of the Parshall flume.
a. Calculate water depth H, at the throat.
Provide a standard Parshall flume with throat width W = 2 ft (~0.6 m).
Flow through a Parshall flume under free-flow condition is expressed by Equation 7.9.

Q = CH; (7.9)

where
Q = flow through the Parshall flume, ft> /s
C and n = coefficient and exponent for design of the flume. C and n are given for various
standard throat widths in Table C.2 of Appendix C.
H, = water depth at the throat, ft
Apply all units in U.S. customary units in Equation 7.9.
Convert flow from m’/s to ft’/s.

ft3/s

=125m’/s X ——————
Q / 0.0283 m3/s

= 4421t /s

For a Parshall flume throat width W =2 ft, C = 8 and n = 1.55 are obtained from Table C.2 in
Appendix C.

Calculate H, from Equation 7.9.

442 =8 x H™>

44.2
H' = 5 =553

0.305m

H,=3.0ft or H,=3.0ft x i

=092m

It is required to keep the submergence (H,) <0.7 of H, for a free flow at the flume (Table C.4).
In this example, the wet well design shall meet this requirement under the design peak flow con-
dition. Also, see Figure C.1 for the locations for H, and Hj,.
b. Calculate throat elevation T of Parshall flume.

T=d;—H, =(1.36 — 0.92) m = 0.44m

c. Draw the longitudinal section through the screen chamber.
Determine the standard dimensions of a 2-ft Parshall flume from Table C.3 in Appendix C. The
longitudinal section of screen chamber, Parshall flume dimensions, and water surface elevations
are shown in Figure 7.14.
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> © 9

| | 031 m—l 1.22 m 0.91 m
— — 4 — [
| - = — 4 _|_ - — T T - — |
dy=139 :" : . T
p=ladng 109 dy=136m|_ "3 -—@}—\ £-0.08 m

I ’ . _'_> V b
| | T=044m 0.23 Y B -~ _

[ | DO ' Parshall fl

| | Screen | Horizontal floor arshall flume

Wet well

FIGURE 7.14 Longitudinal section of screen chamber and Parshall flume (Example 7.8).

The raised channel bottom at the throat may encourage settling of large grit particles at low
velocities. Normally grit will not settle if the velocity in the channel is >0.3 m/s. In this case,
the velocity in the channel is 0.6 m/s.

EXAMPLE 7.9: RAISED CHANNEL BOTTOM AT OUTFALL

A rectangular chamber of a bar rack is 1.74 m wide. The desired water depth is 1.25 m downstream of
the bar rack. The wastewater drops into a wet well. The chamber bottom is raised at the outfall to
maintain a nearly constant depth and velocity in the chamber. The bar screen is designed for a
flow of 1.32m>/s. Assume weir coefficient C,, = 1.0 and coefficient of reduction K= 0.5. Calculate
the height of the raised floor above the bottom of the channel. Draw the longitudinal section.

Solution
1. Calculate the critical depth at the raised section near the outfall point.

The channel bottom is raised at the outfall. This presents an obstruction in the entire width of the
channel similar to a broad-crested weir. Assume the critical depth and velocity are achieved at the
outfall point.

Critical flow is expressed by Equation 7.10.

Q = CyAc/gd. = Cyb /gd>? (7.10)

where
Q = critical flow, m®/s (ft*/s)
A. = area of cross section at critical flow, m? (ft*)
b = channel width at critical flow, m (ft)
d. = critical depth, m (ft)
Cy = weir coefficient, dimensionless

Calculate d. from Equation 7.10.

2/3

i 1.32m?/s 0.39

= = 0.39m
" \1.74m x /9.81 m/s

1.32m?/s

——— =19 m/s
1.74m x 0.39m

Calculate velocity of critical flow v, =
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2. Calculate the velocity in the channel prior to the raised section.

1.32m3/s

Velocity in the ch l=v3=———"—
clocitySinithelchanncieaE e e

=0.61m/s

Note: If the floor at the outfall is not raised, the velocity in downstream of the channel will be 1.95
m/s under free-fall condition. It is more than three times of the desired velocity of 0.61 m/s in
the channel.

3. Calculate the height of the raised bottom.

The approximate elevation of the channel bottom near the free fall into the wet well is calculated
by applying Bernoulli’s energy equation (Equation 7.3a) at sections (3) and (4), Z; =0, and v, =
v.=195m/s.

Assume that the height of the raised floor above the channel bottom is Z..

(0.61 m/s)> (1.95 m/s)>
Om+125m+— -1 _ 7 | 030m 42
mA L m S sime . <t Pt s imye T

Z. = 0.69m — hy,

The head loss h;, due to reduction on cross section of flow is estimated from Equation 7.3¢ with
K.=0.5.

_ 5(# )= 0.5 (
260 % T 2% 9.81 m/s?

Z. = (0.69 — 0.09)m = 0.6m

hy (1.95m/s)? — (0.61 m/s)*) = 0.09m

The floor of the chamber should therefore be raised by 0.6 m to maintain the desired water depth of
1.25 m in the chamber.
4. Draw the longitudinal section through the screen chamber.
The longitudinal section through the screen chamber and the raised floor is shown Figure 7.15.

— = — _'.__~_\\

® O © O

|

I | I~ 4.-039m
| d 1.25 | V3 3 i _\ AN _ _L. _
: 3= a0l | Z,=0.60 m _J 0.7d.=028m
| 0.00 m | !

| Screen Horizontal floor | Raised floor Wet well

FIGURE 7.15 Longitudinal section of screen channel with a raised floor at the end (Example 7.9).
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EXAMPLE 7.10: DESIGN OF A BAR RACK FACILITY

Design a bar rack facility at a wastewater treatment plant. The bar racks are located upstream of a wet
well, and screened flow falls freely into the wet well. In each channel, a proportional weir is provided
at the outfall structure to maintain a constant velocity in the upstream channel. The crest of the propor-
tional weir is flushed with the channel floor. The weir length is less than the channel width. The design
criteria for the bar rack is given below.

Flow: Design peak wet weather flow =132m%/s
Design maximum dry weather flow =0.92m’/s
Design average dry weather flow =0.44m’/s
Design minimum dry weather flow =0.09 m*/s
Screens: Provide two identical mechanically cleaned bar rack
screens each capable of handling peak wet weather flow
Clear bar spacing =2.5cm
Bar width =1lcm
Velocity through bar rack at design peak flow =0.8-0.9m/s
Angle of inclination of bars from horizontal =85°
Cq =0.70 for clean screen

= 0.60 for clogged screen

Incoming conduit: ~ Diameter =1.53m
Velocity at exit =0.87m/s
Depth of flow at exit = 1.18 m (when the screen
is clean)
The coefficient of expansion K, =0.30

The invert elevation of the conduit at exit is 0.08 m higher than the screen chamber floor.

The design should include (a) dimensions of bar rack and screen chamber, (b) ideal geometry of the
proportional weir by assuming the weir crest is same as the weir datum, (c) head loss when the screen is
clean and 50% clogged, (d) the velocity through the screen, and depth of flow and velocity in the channel
upstream and downstream of the rack at maximum dry weather flow, and (e) hydraulic profile at peak wet
weather flow.

Solution

1. Draw the bar rack arrangement.
The plan and section of bar rack chamber are shown in Figure 7.16.
2. Compute bar spacing and the dimensions of the bar rack and chamber.

Assume the velocity through bar rack at design peak flow V=10.9 m/s.
1.32m3/s

Clear area of the bar rack openings perpendicular to the flow = 0.9mJs = 1.47m?
Assume the depth of flow in the rack chamber = 1.2 m.
. . . 1.47 m?
Total clear width of the openings required at the rack = =122m
m

Provide 49 parallel bars with clear spacing of 25 mm or 0.025 m.
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Total number of clear spaces = 50 spaces

m
Total width of clear openings provided at the rack = 50 spaces x 25mm/space X ———=1.25m
m

10°m

Total width of all bars = 49 bars x 10 mm/bar x 3L =0.49m
10° mm

Total width of the channel = total width of clear opening + total width of all bars
=(1.254+049) m=1.74m

The design details of the bar screen and the channel are shown in Figure 7.16a.

(@) Rack
Wet
/ well
T
Sluice Proportional
gates weir

L 12z | wen

I I
i R S o Lo
|

Datum

FIGURE 7.16 The bar rack arrangement: (a) plan, and (b) longitudinal section through the rack chamber
(Example 7.10).

Note: This conceptual design example is provided for illustration and teaching purposed. The
equipment manufacturers shall be consulted for the actual dimensions of their screens and associated
screen chamber.

3. Calculate the efficiency coefficient.

Total width of clear opening  1.25m

= =0.72
Total width of the channel 1.74m

Efficiency coefficient =

4. Compute the actual depth of flow and velocity in the bar rack chamber at design peak flow.

1.32m?/s  0.759m?/s

Velocity in the channel prior to the bar rack, v, = -
elocity I the channel prior to the bar rack, v; d2><1.74m d2

Calculate Ay, from Equation 7.3b, with v; = 0.87 m/s and K, = 0.30 (given).

030 0.87mys — (4752 m/$\* | o6 . 00088
P 2x981m/s? | dy T &

Assume the elevation at the floor of the rack chamber is the datum (0.00 m), Z, =0 m.
The invert elevation of the conduit Z; =0.08 m.
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Apply Bernoulli’s energy equation (Equation 7.3a) at sections (1) and (2), d; = 1.18 m.

0.08m 4 118 m + (0.87 m/s)? Dt b 1 0.759 m?/s\’
5 m 5 m ——————— = =Um
2 x 9.81 m/s? > T2 %x9.81m/s? dy
0.0088 m*®
+ (0.0116m — ———
d
0.0206 m®
1287m=d, + ———
3

d3 — (1.287m) x d2 + 0.0206 m®> = 0

Solving by trial and error procedure, d, = 1.28 m

1.32m3/s

=————=0.59m/s
1.28m x 1.74m

V2

5. Compute the actual velocity V through the clear openings at the bar rack.

1.32m3/s

————=0.83m/s
1.25m x 1.28 m

Velocity through the clear openings, V =

6. Compute head loss through the bar rack.
The head loss through the bar rack for clean condition is calculated from Equation 7.1a with
Cy=0.7.

0.83 2 _(0.59 z
_ O083m/9" = ©0.39m/9)" 1 _ e

, 1
k 2 x 9.81 m/s? 0.7

7. Compute the depth of flow and velocity in the chamber after the bar rack.

1.32m3/s  0.759m?/s
Velocity in the channel after the bar rack, v; = / = /
d3 x 1.74m d3

Apply Bernoulli’s energy equation (Equation 7.3a) at sections (2) and (3),

Zy=2Z,=0m.
Om +1.28m + (035 my/s)" O0m +d; + ! Oy 2+0 025
m a m — = =Um 5 m
2 x 9.81 m/s? > T2 x9.81m/s? ds
0.0294 m3
1.273m = d; + —
3

di — (1.273m) x d2 +0.0294m> = 0

Solving by trial and error procedure, d; =1.25 m

1.32m?/s

= _06lm/s
1.25m x 1.74m

V3

8. Compute the head loss through the bar rack at 50% clogging.
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At 50% clogging of the rack, the clear area through the rack is reduced to half and the velocity
through clear openings is doubled.

Vso =2 % 0.83m/s = 1.66m/s
Calculate head loss from Equation 7.1a with Cq = 0.6.

(1.66 m/s)> — (0.59 m/s)?
hy 50 = X

1
— =0.21m
2 x 9.81 m/s? 0.6

9. Compute the depth of flow and velocity in the channel at 50% clogging.

Depth upstream of bar screen, d, 50 = (1.25 + 0.21) m = 1.46 m

1.32m3/s

Velocity upstream of bar screen, vyosp = ———————
¥ up 250 = 146m x 1.74m

=0.52m/s

A summary of depth of flow, velocity, and head loss through the bar rack under clean and 50%
clogging is given in Table 7.4.

TABLE 7.4 Summary of Depth of Flow, Velocity, and Head Loss through the Bar Rack at Design Peak Flow
(Example 7.10)

Upstream Channel Bar Rack Downstream Channel
Conditions
Depth, m  Velocity, m/s  Velocity, m/s Hea(inLoss, Depth, m  Velocity, m/s
Clean rack 1.28 0.59 0.83 0.025 1.25 0.61
50% clogged rack 1.46 0.52 1.66 0.21 1.25 0.61

10. Design the proportional weir.
The proportional weir at the effluent control section maintains nearly constant velocity in the
channel under variable flow condition. The head over weir is proportional to flow.
The flow through the proportional weir is given by Equation 7.8d.

Q = 4.17LH*?

Calculate the opening width L of the proportional weir from Equation 7.8d at the maximum water
depth d; =1.25m.

Q 1.32m?/s

L= =
4.17H32 " 417 x (1.25 m)*/?

=0.227m or 0.23m

11. Develop the profile of the proportional weir and validate the velocity in the channel.
Determine the constant K from Equation 7.8a.

K = LHY? = 0.227m x (1.25m)"? = 0.254 m*?

The proportional weir calculations are tabulated below. The weir profile is shown in Figure 7.17b.
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TABLE 7.5 Design Calculations of Proportional Weir, and Depth and Velocity at Different Flow Conditions
(Example 7.10)

Head over Weir or Tentiy e

Depth i Weir Length
Given and Assumed Flow Flow g, epth in e eng_l /2 Channel
Condition m?®/s Channel h=x=Ky v3=Q/(dz x W)
ds =y = (q/4.17K) (Equation 7.7a), m 3= m/: ’
(Equation 7.8g), m
Design peak wet weather flow 1.32 1.25 0.23 0.61°
(given)
Design maximum dry 0.92 0.87° 0.27° 0.61¢
weather flow (given)
Design average dry weather 0.44 0.42 0.39 0.61
flow (given)
Assumed 0.22 0.21 0.56 0.61
Assumed 0.15 0.14 0.67 0.61
Design minimum dry 0.090 0.085 0.87 0.61
weather flow (given)
Assumed to determine the 0.053 0.050 1.13 0.61
length of weir crest
a 3
vy = __L32mls =0.61m/s.
1.25m x 1.74m
5 0.92m3 /s
=———=087m.
> T 417 % 0.254m32 o
€I, =0254m*? x (0.869 m)~/>=0.27 m.
3
dys = __09am/s =0.61m/s.
1.74m x 0.869 m
(a) Opening for
emergency flow
/ (b) 49 bars, each bar 10 mm thick
| 1.00 m { Lo@sm Top of the wall vl 0 vl
| | 135m \\ 50 clear openings each
| 125 m 25 mm wide
’ WllIM Design peak wet weather
|/ flow, rack 50% clogged
| 0.87 m K ool « Design peak wet weather
flow, clean rack
~0.42 m
+0.21 m Ld6m | 128
~0.14 m
—0.085 m
0.00 m
| T ‘ 1.74 m

‘Weir crest and
channel bottom

50% 1.46 m

126 m cloggi 1.28 m
cogging l Proportional

777777777 weir

Screen chamber
0.00 m

- Free fall into
Horizontal floor the wet well

FIGURE 7.17 Bar rack design details of bar rack: (a) bar rack and channel, (b) proportional weir, and (c)
hydraulic profile through the bar rack at peak design flow when rack is clean and at 50% clogging (Example 7.10).
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The calculations to determine the depth of flow in the channel, head over the proportional weir, the
opening width of the proportional weir, and the velocity in the channel at different flow conditions are
summarized in the Table 7.5.

12. Sketch the design details of the proportional weir, bar rack, and the hydraulic profile.

The hydraulic profile is shown in Figure 7.17c. The design details and equipment layout of the bar

rack are shown in Figure 7.18.

(a) 49 bars, each 10 mm
thick and 50 mm deep
Slui " Well for float 50 clears pacings,
uice gate }%‘ each spacing 25 mm
Grating :
A 1.74 m ! A
Li [ T T TR ' A— — 4%74%77| %jwet
I well
1.74 m | [+ Proportional
; weir
1O |
11.5m ‘
(b)
Float ' - Drive machinery
switch G m
AW : Control panel
6.45 m ﬂ% 1. [ﬁ‘\Rake wiper
i Ui Container for ¢
i screenings
i
E <« Dead Wet
i plate well
1
,,,,,,,,,,,,,, o S - I } L—Proportional
i 85 i weir
0.08 m 0.00 m ik

FIGURE 7.18 Design and equipment details of bar rack: (a) plan, and (b) Section AA (Example 7.10).
Note: All elevations are with respect to the datum (0.00 m) at the floor of the rack chamber.

7.2.3 Fine Screens

Application of Fine Screens: Fine screens are gaining popularity in wastewater application. The purpose
is to provide preliminary or primary treatment as a substitute for primary clarifiers. They are mostly
mechanically cleaned and preceded by coarse screens. In recent years, the use of fine screens has
been extended to remove solids equivalent of primary treatment (Section 9.7). Various types of micro-
screens have also been developed to remove algae from stabilization pond effluent, and to upgrade second-
ary effluent for reuse purpose in tertiary treatment (Section 15.4.7). Fine screens may also be used for
treatment of stormwater and CSO.

Types of Fine Screens: Many types of fine screens have been developed for different applications. The
types of fine screen commonly used in wastewater treatment are identified in Figure 7.19."~**** In gene-
ral, these fine screens can be categorized into: stationary and mobile screen types.

Basic Features: The opening sizes of fine screens typically range from 0.5 to 6 mm (0.02-0.25 in). Gene-
ral information about the fine screens with medium to large opening sizes from 1 to 6 mm (0.04-0.25 in)
is developed based on available online information from the manufacturers and summarized in
Table 7.6."?>"®” These fine screens are usually used for preliminary treatment. The fine screens with
opening sizes from 1 to 3 mm (0.04-0.12 in) are not designed to remove a significant amount of TSS
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Fine screens
1-6 mm (0.04-0.25)

Stationary (or fixed) Mobile (or moving)
e Inclined rack Step or escalator
e Parabolic Continuous moving elements
Inclined rotary drum
Rotary drum (externally feed)
Rotary shear drum (internally feed)

e Spiral (or basket) with screw conveyor

FIGURE 7.19 Types of fine screens.

and BODs from the wastewater. They are normally used as special pretreatment prior to a membrane
bioreactor (MBR), integrated fixed-film activated sludge (IFAS), or moving bed biofilm rector (MBBR)
process (Chapter 10). Illustrations of these fine screens are provided in Figure 7.20.>>**%%7"%” Additional
information about the fine screens with small opening sizes from 0.1 to 1 mm (0.004-0.04 in) is provided
in Table 9.30.

Widely ranged screen materials can be used for fine screen elements. The openings may be
circular, rectangular, square, or diamond shapes. Parallel bars may be used for large opening sizes
from 2.5 to 6 mm (0.1-0.25 in); perforated plates cover a wide range opening sizes between 1 and 6 mm
(0.04 and 0.25 in); and wedge wires or meshes are more suitable for small opening sizes from 0.5 to
2.5mm (0.02-0.1 in), and woven meshes are the common materials for very small opening sizes from
0.5 to 1 mm (0.02-0.04 in).

Other basic features of these fine screens are:

. Most of these screens are mechanically cleaned.

. Most screens are of enclosed design for odor control.

. The most commonly used screen material is stainless steel.

. Mobile screens require more power than stationary screens.

. The head loss through the screens may range from 0.25 to 1.5 m, although mobile screens exhibit
less head loss than the stationary screens."

6. Solids trapped on the fine screen create a “filter mat” that enhances the solids removal

performance.
7. They also remove grit, grease, and increase dissolved oxygen (DO).

G W N =

7.2.4 Design of Fine Screens

Design considerations: Many important design considerations must be evaluated during the design of
fine screens. These may include: (1) plant capacity (large or small), (2) influent quality (mainly the solids
data), (3) desired separation efficiency (preliminary or special requirement by the downstream processes),
(4) type of improvement (new or retrofitting existing), (5) head loss allowance (high or low), (6) site and
arrangement requirements (channel installation or package system), (7) available space, (8) final disposal
of screenings (weight, volume, and dry solids contents), (9) concern and control of odors, and (10)
operating staff skill and O&M intensity. The results from such evaluation provide a basis for selection
of type of fine screen and the size of openings, expected performance, and development of hydraulic profile
through the facility. The screen manufacturer shall be consulted to confirm the actual capacity of the fine
screen since it may vary significantly with the channel width, upstream water depth, the expected raw
influent, and desired effluent qualities.
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TABLE 7.6 General Information about Fine Screens Used for Preliminary Treatment

Type of Screen

Range

Description

Stationary (or fixed)
screens

Inclined rack

Parabolic

Spiral (or basket)
with screw conveyor

Mobile (or moving)
screens

Opening size: 1-6 mm (0.04-0.25 in)

Opening size: 1-6 mm (0.04-0.25 in)
Channel width: 1-6 m (3-20 ft)
Channel depth: up to 20 m (65 ft)
Incline angle: 60-80°

Opening size: 1-6 mm (0.04-0.25 in)
Wedge wires: 1-6 mm (0.04-0.25 in)
Perforated plates: 1.5-6 mm
(0.06-0.25 in)

Manually cleaned:

Width: 0.6-3 m (2-10 ft)
Height: 1.2-3 m (4-10 ft)

Mechanically cleaned:

Width: 0.4-4.5 m (1.3-15 ft)
Discharge height: 1.2-2 m (4-7 ft)
Single unit capacity: 16-320 m’/h
(0.1-2 MGD)

Opening size: 1-6 mm (0.04-0.25 in)
Wedge wires or meshes: 1-6 mm
(0.04-0.25 in)

Perforated plates: 2-6 mm
(0.08-0.25 in)

Channel width: 0.2-1 m (0.7-3.5 ft)

Channel depth: up to 1.5m (5 ft)

Upstream water depth: up to 0.75m

(2.5 ft)

Basket diameter: 300-900 m (12-36 in)

Incline angle: 35-48°

Discharge height: 2-2.5m (7-8.5 ft)

Single unit capacity: 90-1600 m*/h

(0.6-10 MGD)

Screening disposal:

Washing efficiency: up to 90%
Volume reduction: 40-50%
Solids content: 30-40% as dry solids

Opening size: 1-6 mm (0.04-0.25 in)

These screens are usually used at small wastewater
treatment plants. Rectangular or wedge-shaped bars
and perforated plates are the most commonly used
materials for static fine screens. There are three basic
types of static fine screens: inclined rack, parabolic, or
spiral (or basket) screw conveyor.*”2>33745

Inclined fine screens use stainless-steel bar racks or
wedge-shaped wires. Chain-driven multiple rakes are
the common cleaning mechanism for these fine screens.
See Table 7.2 and Figure 7.2b for general information
about the chain-driven screens.

Static parabolic screens are usually used in shallow
channels or as freestanding units above the channels.
The surface loading rate may be 400-1200 L/m? - min
(10-30 gal/ft* - min) of screen area. The head loss may
be high up to 1-2 m (3-7 ft) when a freestand screen is
installed on top of the channel and operated in gravity
flow pattern. The manually cleaned fine screens use the
screen medium of stainless-steel wedge-shaped bars.
The screenings are washed down and discharged from
the bottom. Cleaning is done once or twice a day with
high-pressure hot water, steam, or degreaser. Perforated
plates are normally used in mechanically cleaned
parabolic fine screens. Multiple brushes wipe the
retained solids (Figure 7.20a). 472535737

This type of screen is typically used in shallow and
narrow channels. It includes an inclined (35-45°)
stationary screening “basket,” cleaning “spiral” brushes,
and a central screw conveyer. The wastewater flows into
the semicircular basket and solids are retained. As the
liquid level in the basket rises to a predetermined level,
the spiral begins to rotate and cleans basket. The
brushed solids drop into the conveyor that moves the
solids up to a top discharge chute. Usually, the screened
materials is washed, compacted, and dewatered by an
integrated disposal device. A pivoting support option
may be included for easy access to the screen elements
(Figure 7.20b). 47333845

These fine screens are widely used in medium to large
plants. These screens are all mechanically cleaned. The
most commonly used material are perforated plates or
wedge wire meshes. These screens require medium to
high maintenance. The basic types of mobile fine
screens are (1) step or escalator, (2) continuous moving
band or belt, (3) rotating belt filter, (4) inclined rotary

drum, (5) rotary drum, and (6) rotary shear
drum 4733344687

(Continued)
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TABLE 7.6 (Continued) General Information about Fine Screens Used for Preliminary Treatment

Type of Screen

Range

Description

Step or escalator

Continuous
moving elements

Inclined rotary
drum

Opening size: 1-6 mm (0.04-0.25 in)
Laminae elements: 1-6 mm
(0.04-0.25 in)

Perforated plates: 2-6 mm
(0.08-0.25 in)

Channel width: 0.4-2 m (1.3-7 ft)

Channel depth: up to 3 m (10 ft)

Upstream water depth: up to 2.3 m

(7.5 ft)

Incline angle: 40-75°

Discharge height: up to 6 m (20 ft)

Single unit capacity: 160-9600 m*/h

(1-60 MGD)

Opening size: 1-6 mm (0.04-0.25 in)

Molded links, or patterned meshes or

grids: 1-6 mm (0.04-0.25 in)
Perforated plates: 2-6 mm
(0.08-0.25 in)
Wedge wires or meshes: 1-3 mm
(0.04-0.12 in)
Channel width: 0.3-5 m (1-16 ft)
Channel depth: up to 11 m (36 ft)
Incline angle: 45-90°
Discharge height: up to 15m (50 ft)
Single unit capacity: 640-9600 m>/h
(4-60 MGD)

Opening size: 1-6 mm (0.04-0.25 in)
Perforated plates: 1-6 mm
(0.04-0.25 in)

Wedge wires or meshes: 1-6 mm
(0.04-0.25 in)

Channel width: 1-3.5m (3-11.5 ft)

Channel depth: up to 4 m (13 ft)

Incline angle: 30-35°

Basket diameter: 0.6-3 m (2-10 ft)

Single unit capacity: 320-7200 m®/h

(2-45 MGD)

Screening disposal:

Washing efficiency: up to 80%
Volume reduction: ~50%
Solids content: ~40% as dry solids

These screens have step-shaped laminae where every
other lamina is connected to one fixed and one
moveable part on which a carpet of solids is formed.
This gives a high sieving efficiency. The rotating
laminae convey the solids upwards step-by-step to the
discharge point (Figure 7.20c). Escalator screens
operate similar to step screens but use perforated plates
to provide circular openings instead of slotted ones. In
addition to wastewater screening, these screens are also
used for removal of solids from septage, primary sludge,
and/or digested sludge.*>”?*467>2

The continuous moving elements fine screens consist of
an endless screen band or belt that passes over upper
and lower sprockets. Chain-driven circulating sickle-
shaped screen disks are the latest innovative design.
The retained screenings are lifted up and removed by a
continuous self-cleaning device at the top of the screen.
The cleaning device may include rotating brush, wiping
paddles, water spray nozzles, or a combination of these
methods. There are three basic flow patterns available
for these screens: (1) through flow, (2) inside-to-outside
flow, and (3) outside-to-inside flow. A single- or dual-
screening process can be used in the through flow
pattern, while only single screening is applicable in the
other two flow patterns. Each of these configurations
has advantages and disadvantages in developing
screening mat, head loss through the screen elements,
cleaning efficiency, solids accumulation, and solids
carryover. The screen elements are normally made of
wedge wires, perforated plates, or patterned meshes or
grids of stainless steel or high-strength plastics. These
screens are inclined at 50-90°. The vertical design
option requires small space and allows for easy
retrofitting existing channels
(Figure 7.20d).4-7-3%3453-67

This type of screen is usually installed into the channel at
an angle of 30-35°. It consists of a drum-shaped screen
(stainless-steel wedge wires or meshes, or perforated
plates), a central screw conveyer, and an integrated
disposal device. The flow enters the open end of the
inclined drum and the solids are retained by the lower
part of the drum. The rotation of drum is activated at a
preset water level. The screenings are carried to the
upper part of the drum and dropped into the conveying
screw. High-pressure water spray, scrapper and/or
brushes flush down and clear the solids off the screen
openings. The screw conveys the solids up to the
integrated disposal device. Pivoting support provides
easy access to the screen elements for maintenance
purpose (Figure 7.20e).* %7

(Continued)
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TABLE 7.6 (Continued) General Information about Fine Screens Used for Preliminary Treatment

Type of Screen Range Description
Rotary drum Opening size: 1-2.5 mm (0.04-0.1 in) The screen consists of a drum or cylinder-shape screen
(externally feed) Perforated plates: 1-2 mm of stainless-steel wedge wires or meshes, or perforated
(0.04-0.08 in) plates. The drum is installed horizontally in either
Wedge wires or meshes: 1-2.5 mm partially or nonsubmerged condition. The influent is
(0.04-0.1 in) evenly distributed over the entire length of the drum. As
Drum dimensions: an externally feed system, the screenings are retained on
Diameter: 0.6-1 m (2-3 ft) the drum outside surface and carried to the discharge
Length: 0.3-3 m (1-10 ft) zone by the rotation movement. External scrapers or
Single unit capacity: 16-1600 m>/h blades with internal high-pressure water spray are used
(0.1-10 MGD) to dislodge the solids into a screw conveyer/compactor.

As a dual-screening process, the flow falling from the
upper screen passes through the lower part of the drum
again and is collected in an underneath trough. It is a
compact, stand-alone, and fully enclosed unit. The head
loss is high in gravity flow pattern under nonsubmerged

condition.”**76778
Rotary shear Opening size: 1-6 mm (0.04-0.25 in) This screen is very similar to the rotary drum screen
drum (internally Perforated plates: 1-6 mm (0.04-0.25in)  except it is an internally feed system using single-
feed) Wedge wires or meshes: 1-3 mm screening process. The influent is fed internally from a
(0.04-0.12 in) distribution box near one end and the solids are
Drum diameter: 0.5-2 m (1.5-7 ft) retained inside as the flow passes through the screen. A
Enclosure dimensions: series of diverters move solids to the other end of the
Height: 1-2.7 m (3-9 ft) drum for removal. Internal rotating brushes with
Width: 0.6-3 m (2-10 ft) external water spray are used to removal the solids. The
Length: 1.4-6.5m (4-21 ft) flow passing through the screen is collected in a trough.

Single unit capacity: up to 3200 m’>/h (20 The screen is usually a stand-alone unit, while in-
MGD) (up to 1420-14,200 m’ /h (9-90 channel design option is also available. The head loss is
MGD) for in-channel option) lower than the rotary drum screen in submerged flow

pattern (Figure 7.20f).>73379-87

Head loss: The head loss in a fine screen depends upon (1) effective clear area of the screen and (2) the
extent of filter mat clogging. In general, the head loss is calculated from Equations 7.11a and 7.11b. These
equations are developed based on head loss calculated across an orifice. The actual head loss shall be val-
idated with the screen manufacturers.

1 Q \?

_1 11
hy % X <Cd » Ae) (7.11a)
Ao = Ec x Ay (7.11b)

where

h;, = head loss, m (ft)

Q = discharge through screen, m? /s (f /s)

A, = effective wetted screen area, m?> (ft%)

At = total wetted screen area, m* (ft*)

Cq = coefficient of discharge, dimensionless (0.6-0.8 for clean screen)

E = efficiency factor which is the ratio of effective area to total area of the screen (manufacturers pro-
vide this factor)
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(b)

FIGURE7.20 Details of fine screens: (a) static parabolic (Courtesy Parkson Corporation), (b) spiral (Courtesy Huber
Technology, Inc.), (c) step (Courtesy Huber Technology, Inc.), (d) continuous moving elements (Courtesy Kusters
Water Div. of Kusters Zima Corp.), (e) inclined rotary drum, (Courtesy Lakeside Equipment Corporation.), and (f)
rotary shear drum (Courtesy Lackeby Products).

The effective screen area A, is the clear area through which the flow occurs. It depends upon the shape
and configuration, milling slots, and wire diameter and weave.” The effective area can be calculated from
the total screen area based on the screen efficiency factor (area reduction factor) that is usually available
from the equipment manufacturers. The manufacturer’s efficiency factor for fine screen may vary from
0.5t0 0.6."

The fine screens should be preceded by coarse screen. A minimum of two fine screens in parallel (similar
to coarse screen) should be provided in case one unit is out of service. If course and fine screens are pro-
vided in series, one velocity control device (proportional weir or Parshall flume) may be provided down-
stream of the fine screen to control the water depth in both screens.
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EXAMPLE 7.11: HEAD LOSS AND VELOCITY THROUGH A CONTINUOUS
BELT SCREEN

A stainless-steel fine band screen is installed downstream of a bar rack. As the screen revolves, the debris is
lifted by upward travel of the screen. At the top of the screen, the debris is removed by powerful water jet
sprays and brush action. The debris is washed into a trough and collected in a container. The flow
through the screen chamber is 1.45 m>/s, and the depth and width of the screen channel are 1.35 and
1.20 m, respectively. The manufacturer’s recommended efficiency factor is 0.56, and coefficient of dis-
charge is 0.6. Calculate (a) head loss and velocity through the clean screen, and (b) head loss and velocity
through the screen at 20% clogging.

Solution

1. Calculate the head loss and velocity through the clean screen.
Effective area A, is calculated from Equation 7.11b.

A. = 0.56 x 1.35m x 1.20m = 0.91 m*

Calculate the head loss h;, from Equation 7.11a.

1 Q \? 1 1.45m3/s \’
hL = — X = X = 0.36m
2g Cyq X Ae 2 x 9.81 m/s? 0.6 x 0.91 m?

Calculate velocity through the screen.

Q 1.45m’/s
=== 15
"TAT 09w /s

2. Calculate the head loss and velocity through 20% clogged screen.
Calculate effective area of 20% clogged screen.

Ae dogged = 0.91m” (1 —0.2) = 0.73 m’

Calculate head loss hy coggea through 20% clogged screen.

) | Lasm’fs \'_ o
_ « = 0.56m
L,clogged 2 x 9.81 m/s2 0.6 x 0.73 m?

Calculate velocity through 20% clogged screen.

1.45m>/s

Vclogged =

EXAMPLE 7.12: LENGTH OF A ROTARY DRUM SCREEN

A rotary drum screen is designed to provide primary treatment. A flow of 0.4 m>/s enters the inside of a
slowly rotating drum that has a diameter of 1.5 m. The drum is covered with stainless-steel wedge-wire
screening medium. The screen is cleaned by a high-pressure water jet applied at the top. The differential
head between the inside and outside drum is 80 mm, and submergence outside drum is 0.5 m. The
expected efficiency factor after partial clogging and discharge coefficient are 0.18 and 0.60, respectively.
Calculate the length of the drum, velocity through the screen and hydraulic loading on the screening
medium.
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Solution

1. Draw the definition sketch (Figure 7.21).

Jet spray

Trough for
screenings

1.5m

FIGURE 7.21 Definition sketch of rotary shear drum screen (Example 7.12).

2. Calculate the surface area of the screening medium.
The area of the screen through which the flow occurs is calculated from Equation 7.11a, h;, = 80 mm =
0.08 m, A, =0.18 x At, and Cq=0.6.

1 0.4m3/s :
0.08m = X
2 x 9.81 m/s? 0.6 x 0.18 x At

A = 2.96 m>
3. Calculate the circumferential length ACB of the rotary drum through which screening occurs.

The submerged depth inside the drum, d = (0.50 + 0.08) m = 0.58 m

d 0.58 m
Submergence to diameter ratio = > 100% = o

x 100% = 39%

The angle 6 is calculated from Equation 6.12a, D=1.5m and d = 0.58 m.

0 2d 2 x 0.58 m
cosl-)]=1—-—=1——"—"7-—
2 D 1.5m

6 = 154°
The length of wetted perimeter P is obtained from Equation 6.12c.

DO _ mx15m x 154°

Length of perimeter ACB, P = =
360° 360°

=2.02m

This is also the circumferential length through which screening occurs.
4. Calculate ratios related to filtering drum area.

o ) filtering area 2.02m X length of drum
Filtering area ratio = — - = x 100% = 43%
circumferential area 7 x 1.5m X lenght of drum

5. Calculate the length of the rotary drum.
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The unit filtering area per linear length of drum is 2.02 m*/m.

A 2.96 m?
Length of rotary drum = fr_ 2P gm
P 2.02m?/m
6. Calculate velocity through screen.
0.4m’
Velocity through screen, v = _ 0dm/s =0.75m/s
0.18 x 2.96 m?

7. Calculate hydraulic loading on the screen based on the total wetted area.

0.4m? 60
Hydraulic loading = Ag = %/Zs X 75 = 8.1 m’/m* min or 8100 L/m* min
T 96 m?  min

EXAMPLE 7.13: DESIGN OF AROTARY DRUM MICROSCREEN

A microscreen is used to polish secondary effluent for reuse as industrial cooling water. The manufac-
turer provided the following information about their product. The microscreen has stainless-steel
screen. The recommended efficiency factor and discharge coefficient are 0.53 and 0.60, respectively.
The acceptable hydraulic loading is 10 m®>/m? - min at the inside water depth at 60% of drum diameter.
Design the microscreen system for average filtration rate of 1.5 m>/s. The applied backwash pressure is
100 kPa.

Solution

1. Calculate the wetted surface area of the screening medium.

1.5m’/s x 60s/min i

10 m3/m?- min

Total wetted area =

Provide two microscreens, each submerged fabric area = 0.5 x 9 m? =4.5m>
Flow through each microscreen = 0.5 x 1.5 m>/s = 0.75 m’/s

2. Calculate head loss through screen from Equation 7.11a.
Ca=0.6

hy,

1 ( 0.75m3/s

2
_ — 0.014
2% 9.81m/s> "« \0.6 x 0.53 x 4.5 mz) m

3. Select the drum length and diameter D.
At inside water depth of 60% of D, the 6 value is obtained from Equation 6.12a.

0 2d 2 x 0.6D
cos{=)|=1—-——=1—————=-02
2 D D

6 = 203°
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The length of wetted perimeter is obtained from Equation 6.12c.

aDO 7 x D x 203°
360°  360°
Select 2.75 m standard length of the drum.

Length of wetted perimeter = = 1.77D

2.75m x (1.77D) = 4.5 m?

4.5m?
=—=092m
1.77 x 2.75m
Select 1-m diameter standard drum.
4. Calculate velocity through screen.

Total submerged area of screen = 1.77 x 1 m x 2.75 m = 4.87 m’

0.75m>/s

Velocity through screen opening = NED S

=0.29m/s

5. Check the hydraulic loading.

0.75m3/s 60s
—X_

e — = 9.2m’/m? min < 10 m*/m*. min
.87 m min

Hydraulic loading =

7.2.5 Special Screens

The discharge of storm runoff and CSOs is a significant contributor to the surface water quality impair-
ment of the nation’s waters. In recent years, there has been significant development in pollution abatement
technology from these sources. Coarse screens are normally used for minimal treatment of stormwater and
CSOs. Use of fine screens may be required to meet more stringent quality requirements. Special screens
and many other devices are also manufactured to remove floating debris, suspended solids, and grits spe-
cifically from stormwater and CSOs. These fixed or retractable devices can be used at manholes, junction
boxes, weirs, wet wells at lift stations, or outfalls. Some special screens used for such applications are illus-
trated in Figure 7.22.%%%

FIGURE 7.22 Use of special screens for treatment of stormwater or combined sewer overflows: (a) retractable bar
screen with trash basket (Courtesy Huber Technology, Inc.), and (b) overflow weir screen (Courtesy John Meunier
Products/Veolia Water Technologies Canada).
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7.3 Quantity, Characteristics, and Disposal of Screeings

7.3.1 Quantity and Characteristics

Screenings are residuals retained over coarse and fine screens. The quantity of screenings depends on
type of wastewater, geographic location, weather, and type and size of screens. Larger quantity of screen-
ings is retained over screens with smaller openings. The screenings contain ~60-80% moisture contents
and 700-1000 kg/m’ (44-65 Ib/ft’) in densities.”” The screenings collected over coarse screens consist of
large debris such as rags, paper and plastics, leaves, tree branches and roots, and lumber. The screens
retained over fine screens include small rags, paper, plastics, grit, food waste, and feces. The average quan-
tities of screenings collected over coarse screen are provided in Figure 7.23." The average quantity of
screenings retained over screens with opening size of 12.5 mm (0.5 in) are 44-110 m>/10° m>. An average
quantity of 30-60 m>/10° m” screenings is retained over rotary drum of opening size 6-7.5 mm (0.25-0.3

in) following coarse screen.>’

7.3.2 Processing and Disposal of Screenings

Conveyance: The screenings are very odorous and attract flies. They should be transported over covered
belt conveyor. Screenings should also be stored in containers with tight covers. Screening compactors are
screw or hydraulic ram type. They are used to reduce the water content and the volume of the screenings.

Grinding and Comminution: Grinders or comminutors (macerators) are used to grind or cut up the
screenings. They utilize cutting teeth or shredding devices on a rotating or oscillating drum that
passes through stationary combs, screen, or disks. Large objects are shredded to pass through 6-10 cm
(2.5-4 in) openings or slots. Manufacturers’ rating tables are available for different capacity ranges, chan-
nel dimensions, submergence, and power requirements. Provision to bypass the device is always made.
Comminutor installation is shown in Figure 7.24.°°"%?

Disposal of Screening: The most common method of disposal of screenings are (a) landfilling on plant
site or off-site, (b) codisposal with municipal solid wastes, (c) incineration either alone or in combination
with grit and scum, and (d) discharge to the head of the plant after grinding or comminution.
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FIGURE 7.23 Quantity of screenings retained on coarse screens of different opening sizes.
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(b)
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FIGURE 7.24 Comminutor assemblies (Courtesy Franklin Miller, Inc.): (a) open channel comminutor and typical
installation; and (b) duplex twin-shaft grinder and its application prior to a screw screening system.

EXAMPLE 7.14: QUANTITY OF SCREENINGS

The average design flow at a wastewater treatment plant is 1.8 m’/s. The screening facility has coarse
screen that has 15-mm clear bar spacing followed by a rotary drum fine screening. The size of rotary
drum screen openings are 6 mm. Estimate the quantity of screenings collected per day.

Solution

1. Estimate the quantity of coarse screenings.
The screenings generation rate at a coarse screen having 15-mm clear bar spacing is determined
from Figure 7.14.
Screening generation rate = 40 m’/10° m’

. . 40m? i
Total quantity of coarse screenings = w x 1.8m> /s wastewater
10° m? wastewater
(60 x 60 x 24) s
8 d

=62m’/d
2. Estimate the quantity of fine screen.
Assume the screenings generation rate at rotary drum of fine screen having 6-mm screen opening

size = 45 m’/10° m’
45m?3 screenings
10° m> wastewater

(60 x 60 x 24) s
) d
=7.0m’/d

Total quantity of fine screenings = x 1.8m> /s wastewater

3. Estimate total quality of coarse and fine screenings.

Total quantity of screenings = (6.2 + 7.0) m*/d = 13.2 m?/d
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EXAMPLE 7.15: LANDFILL AREA FOR DISPOSAL OF SCREENINGS

A wastewater treatment plant produces 9 m>/d of screenings, grit, and scum. These residues are land filled
at the plant property. Calculate (a) the annual volume of raw residues, (b) the annual volume of raw daily
cover materials required, (c) the annual volume of compacted fill, and (d) the land area required per year for
final disposal of the residues. Assume the depth of landfill excluding the final cover is 3 m, and the daily
cover is ~15% of the volume of residues. The compaction in landfill is 35% by volume.

Solution

1. Calculate the annual volume of raw residues.

Volume of raw residue per year =9 m>/d x 365 d/year = 3290 m> /year
2. Calculate the annual volume of daily cover materials.

Volume of daily cover = 0.15 x 9 m?/d = 1.35 m*/d

Volume of daily cover per year = 1.35 m>/d x 365 d/year = 490 m>/year

3. Calculate the annual volume of compacted fill.
The total compacted fill include both residues and daily cover materials.

Total volume of raw residue and daily cover = (9 + 1.35) m*>/d = 10.35 m*/d
Volume of compacted fill = (1 — 0.35) x 10.35m>/d = 6.73 m*/d

Volume of compacted fill per year = 6.73 m®/d x 365 d/year = 2460 m’ /year
4. Calculate the required annual area of landfill.

Available volume for compacted fill per m*=1m x 1m x 3 m = 3 m’/m?

2640 m’ 1
Area of required landfill per year = yeain X 3 Jm? 820 m* /year

The final cover will be on the top of compacted fill, and will not occupy additional land area.

Discussion Topics and Review Problems

7.1

7.2

7.3

7-43

A bar rack has 45 parallel bars equally spaced in a chamber. The clear spacing is 20 mm. The width
of the bars is 10 mm. The water depth in the channel upstream of the rack is 1.6 m. Calculate the
width of the chamber and the ratio of the clear area to total screen area.

A mechanically cleaned bar screen has 30 parallel sharp-edged rectangular bars 12 mm wide placed
at a clear spacing of 20 mm. The facility is provided as a preliminary treatment unit at a wastewater
treatment facility. The water depth and flow through the screen are 1.5 m and 0.85 m’/s, respec-
tively. The angle of inclination of bars is 10° from the vertical. Calculate (1) head loss across clean
screen, Cq = 0.7, and (2) head loss across the screen at 50% clogging. C4 = 0.6.

An interceptor discharges 1.2 m’/s wastewater into a bar screen chamber. The velocity and depth of
flow in the interceptor are 1 m/s and 1.5 m, respectively. The screen chamber has a width of 1.75 m,
and coeflicient of expansion at the entrance is 0.5. The floor of screen chamber is horizontal, and its
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7.4

7.5

7.6

7.7

7.8
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invert is 0.05 m below the invert of the interceptor. Calculate the velocity and depth of flow in the
screen chamber upstream of bar rack.

A rectangular channel contains a bar rack. The chamber has a width of 1.5 m and receives a flow of
1.2 m?/s. The depth of the chamber upstream of the bar rack is 1.9 m. The velocity through the clear
rack openings is 0.9 m/s. Calculate (a) approach velocity, and (b) depth and velocity in the channel
down stream of the bar rack.

A bar rack is provided ahead of a pumping station. The screened wastewater has a free fall into the
wet well. A proportional weir is provided at the free fall to maintain the normal depth into the screen
chamber. Design the proportional weir to maintain 0.61 m/s velocity in the channel downstream of
the bar rack. The peak discharge through the rack is 1.5 m?/s and the width of the screen chamber
W is 1.8 m. The bottom slope of the chamber is horizontal and the weir crest is flushed with
the channel bottom. Determine (a) depth of flow in the channel downstream of the bar rack,
(b) head loss through the bar rack if velocity through the screen at given flow is 0.92 m/s, and
(c) depth of flow and velocity in the channel upstream of the bar rack.

A bar rack proceeds pumping station. The screened wastewater has a free fall into the wet well. A
Parshall flume is provided before the outfall to regulate water depth in the screen chamber. The
Parshall flume has a throat width of 0.6 m (2 ft) and the average width of the trapezoidal chamber
is 1.75 m. The flow velocity through the bar openings and approach velocity through the chamber
are 1 and 0.7 m/s, respectively. The peak flow through the screen is 1.5 m>/s. Design the effluent
structure and determine the water depth and velocity in the channel upstream and downstream
of the bar rack, and head loss through the screen.

A bar rack is installed in a rectangular channel. The width of the channel is 1.85 m, and it has a water
depth of 1.5 m at the downstream of the rack. The wastewater has a free fall into a wet well. The
chamber bottom is raised to maintain a nearly constant depth near the outfall. The bar screen is
designed for a peak flow of 1.52 m®/s. Calculate the height of the raised floor above the bottom
of the channel. Draw the longitudinal section of the screen chamber.

Design a bar rack at a wastewater treatment plant. The bar rack is located upstream of a wet well, and
screened flow falls freely into the wet well. A proportional weir is provided at the outfall structure to
maintain a constant velocity in the upstream channel. The crest of the proportional weir is flushed
with the channel floor. The design criteria for the bar rack is given below.

Flow: Peak wet weather flow =152m’/s
Maximum dry weather flow =1L12m%/s
Average design dry weather flow =0.66m’/s
Screen: Two identical mechanically cleaned bar racks each capable
of handling peak wet weather flow.
Clear bar spacing =2cm
Bar width =12cm
The coeflicient of expansion K, =0.30
The design velocity through rack at peak wet weather flow =0.9-12m/s
Angle of inclination of bars from vertical =15°
Incoming conduit: Diameter =1.83m
Velocity v, =0.89m/s
Depth of flow =125m

The invert elevation of the conduit is 0.1 m higher than the chamber floor.

The design should include:
a. Dimensions of bar rack, and screen chamber,
b. Geometry of theproportional weir,
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7.9

7.10

7.12

7.13

c. Head loss when the screen is clean, and at 50% clogging,
d. The velocity through the screen, and depth of flow and velocity in the channel upstream
and downstream of the rack at maximum wet weather flow, and

e. Hydraulic profile at peak wet weather flow.
A stainless-steel fine band screen is installed downstream of a bar rack. The flow in the screen
chamber is 1.75 m’/s, and the depth and width of the screen channel are 1.5 and 1.3 m, respectively.
The manufacturer’s recommended efficiency factor is 0.56, and coefficient of discharge is 0.6. Cal-
culate (a) head loss and velocity through the clean screen, and (b) head loss and velocity through the
screen at 20% clogging.
A rotary drum screen is designed to provide primary treatment. A flow of 3 m®/s enters the inside of
a slowly rotating drum that has a diameter of 1.75 m. The drum is covered with a stainless-steel
wedge-wire screening medium. The screen is cleaned by a high-pressure water jet applied at the
top. The differential head between the inside and outside drum is 0.45 m, and drum submergence
is 0.6 m. The manufacturer’s recommended efficiency factor and discharge coefficient are 0.51 and
0.6, respectively. Calculate the length of the drum, velocity through the screen, and hydraulic load-
ing on the screening medium.
Secondary effluent is considered for use as industrial cooling water. A microscreen is provided to
polish the secondary effluent. The following information is available about the microscreen. It has
stainless-steel fabric. The recommended efficiency factor and discharge coefficient are 0.58 and 0.60,
respectively. The acceptable hydraulic loading is 15 m’/m” - min. The inside depth of water is 65%
of drum diameter. Design the microscreen system for average filtration rate of 2.5 m>/s. The applied
backwash pressure is 100 kPa.
Calculate the quantity of screenings collected per day from a wastewater treatment plant that has an
average design flow of 2.0 m’/s. The treatment plant has coarse screens followed by a rotary drum
fine screen. The width of clear bar spacings is 1.2 cm, and the rotary drum fine screen has openings
of 6 mm.
The total residuals generated at a wastewater treatment is 10 m’/d of screenings, grit, and scum.
These residues are land filled. Calculate the land area required per year. The depth of landfilling
excluding the final cover is 2.5 m. The daily cover is ~17% of the volume of residues, and compac-
tion in landfill is 30%.
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Grit Removal

8.1 Chapter Objectives

Grits are inert, dense, and highly abrasive material. They include pebble, sand, silt, broken glass, bone
chips, and egg shells. Grit accumulates in pipes, corners, and bends, reducing flow capacity, and ultimately
clogging pipes and channels. It also accumulates in the treatment units resulting in the loss of treatment
capacity. The objectives of this chapter are to present theory and design of grit removal facilities. More
specifically, this chapter covers:

e Need and location of grit removal

o Settling behavior of grit and types of gravity settling

o Discrete settling

o Types of grit removal facilities

o Design criteria of grit removal facilities and design examples
e Quantity, handling, and disposal of grit

8.2 Need and Location of Grit Removal Facility

Grit is a nonputrescible material and is much heavier than water. As a result, it makes heavy deposits in
pipes and channels. Being inert and heavy, it accumulates in the aeration basin, and has cementing effect
on the bottom of the sludge digesters. This results in the loss of usable volume in both situations. Abrasive
nature of grit is associated with some abnormal wear to pumps and other equipment. For these reasons,
grit removal is considered essential at most treatment plants."”

Grit removal may normally be achieved at three locations: (1) ahead of the raw wastewater pumps, (2)
below the pumping station, or (3) degritting in conjunction with primary sludge. All locations have advan-
tages and disadvantages. Some of these are stated below.’

Ahead of the raw wastewater pumps

e Maximum protection of pumping equipment is achieved.
e Frequently they are deep in the ground associated with high construction, operation, and mainte-
nance costs. They are not easily accessible, and it is difficult to raise the grit to the ground level.

Below the pumping station

e Some abnormal wear to pumping equipment may occur. Abrasive resistance pumps may
be needed.
o The structure is at ground level; thus, they are accessible and easy to operate and maintain.

Degritter in conjunction with primary sludge

o Pumping equipment is not adequately protected.
o The capital, operation, and maintenance costs are usually low.

8-1
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e Separation of grit from primary sludge is needed.
o Fine screens are now replacing the primary clarifiers. As a result, grit removal prior to fine screens is
needed for their protection.

8.3 Gravity Settling

Grit is removed from wastewater by gravity settling or by centrifugal force. Grit removal facilities are pre-
sented latter in this chapter. Since gravity settling is encountered in many treatment processes, an intro-
ductory discussion of gravity settling is presented below.

8.3.1 Types of Gravity Settling

Depending on the concentration and the tendency of particles to interact, four types of settling can occur
in an aqueous solution. These are (1) discrete or Type I; (2) flocculant or Type II; (3) hindered, zone, or
Type III; and (4) compression or Type IV. Each type of settling, their behavior, and occurrence in different
processes and reference chapters in this book are summarized in Table 8.1. Discrete settling applies to grit
particles. Therefore, detailed discussion on discrete settling is presented below.

8.3.2 Discrete Settling (Type I)

The settling particles have constant velocity during the fall in a fluid. The velocity depends upon the shape,
size, and density of the particles; and temperature and viscosity of the fluid. Several equations are used to

TABLE 8.1 Types of Settling, Description, and Occurrence in Treatment Processes

Types of Settling Description Application References

Discrete or Type I Discrete settling occurs in suspension of low o Grit removal channel Section 8.3.2

settling concentration. The particles settle as individual or chamber Chapter 15
entities. There is no significant interference e Settling of filter media

between the settling particles. The velocity after backwash
remains constant throughout the fall. Both

Newton’s and Stokes” equations apply

depending upon the size of particles.

Flocculant or Type  Flocculant settling occurs in dilute suspension. e Primary sedimentation Chapters 9
II settling The particles coalesce, flocculate, or basin and 10
agglomerate. As a result, the particle size e Chemically enhanced
increases and settling velocity also increases. sedimentation basin

e Upper zone of
secondary clarifier

Zone, hindered or Hindered settling occurs in suspension of o Settling zone of Chapters 10
Type III settling intermediate concentration. The solids settle as a secondary clarifier and 13
“mass” or “blanket.” The particle remains in fixed e Upper zone of
position with respect to each other. A solid— gravity thickners
liquid interface develops at the top of settling
mass leaving a clear water zone on the top, which
gradually increases as settling continues. A
sludge blanket builds up at the bottom.
Compression or Compression settling occurs at high o Lower zone of Chapters 10
Type IV settling concentration of solids that remain supported on final clarifier and 13
top of each other; further settling is possible only o Settling zone of
by compression of the structure since solids are gravity thickeners

constantly added on the top. The compression of
sludge blanket takes place slowly.
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calculate the settling velocity of the particles. These equations and definition of the variables are
presented below.

Newton’s and Stokes’ Law. The classic Newton’s law yields the terminal velocity of a spherical particle
by equating the gravitational force of the particle to the frictional resistance or drag. The settling velocity is
expressed by Equations 8.1a and 8.1b.

4g(p, — p)d]"? 4g(S, — 1)d]"?
= |— = | .1
Vs |: 3Cop or v 3G, (8.1a)
4g(p, — p)d|'""? 4g(S, — 1)d]"?
= |t 7 Y A B 8.1b
, [ o or v — (8.1b)
Cp = 203 o (8.2)

Nr  /Nx
N = — (8.3)

where
Cp = drag coefficient that is expressed by Equation 8.2, dimensionless
d = particle diameter, m (ft)
g =acceleration caused by gravity, m/s” (ft/s?)
Ngr = Reynolds number that is expressed by Equation 8.3, dimensionless
Ss = specific gravity of particle ZPSS = PSS, dimensionless
t =settling time, s P
vs = settling velocity of particle, m/s (ft/s)
p = density of fluid, kg/m> (slug/ft’)
ps = density of particle, kg/m’ (slug/ft>)

u = dynamic viscosity, N-s/m?
v = kinematic viscosity, m?/s (ft*/s)
¢ = shape factor, dimensionless

This factor is commonly used to account for the effects of nonspherical shapes on their settling velocity.
The adjustment is achieved by multiplying the drag coefficient (Cp) by ¢ (Equation 8.1b). Typical ranges
of ¢ for settling particles with different shapes are summarized below:"**

Spherical Rounded Grits Angular Grits Raw Wastewater/Flocculated

] 1.0-1.1 1.1-1.7 1.7-2.3 2.3-25

See Section 9.2 for the use of ¢ in calculations of settling velocities of nonspherical particles.

Note: Several useful unit conversions are:

v=u/pand p=y/g
N = mass x acceleration, kg-m/s2 (Ibg-ft/ %)
y = specific weight of fluid, N/m® (Ib¢/ft’)

Equation 8.1a applies for spherical particles (¢ = 1) and is called Newton’s law, while Equation 8.1b
applies for nonspherical particles (¢ > 1). The drag coeflicient Cp, is calculated from Equation 8.2. For
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FIGURE 8.1 Definition sketch of terminal velocity and overflow rate.

laminar flow, Ny is <I. The first term in Equation 8.2 predominates and Cp & 24/Ng. Substituting this
value in Equation 8.1a yields the Stokes’ law (Equation 8.4).°

_sps—pd ¢S~ Dd?

T84 s = ™ (Stokes’ equation, Nx << 1, laminar flow). (8.4)

Vs

A Reynolds number Ny >10* indicates turbulent flow, and the third term in Equation 8.2 predominates
(Cp = 0.34). Substituting Cp = 0.34, Equation 8.1 is transformed into Equation 8.5.

— 12
Vs = |:3.92 X g(ps—p)] or vy = [3.92g(Ss — 1)d]"? (Ng > 10*, turbulent flow) (8.5)
p

If the Reynolds number is >1 and <10 the settling is in the transition range, and the settling velocity of
a particle from Equation 8.1a is determined by a trial-and-error solution. The values of Cp and Ny are
calculated from Equations 8.2 and 8.3, respectively.

Terminal velocity, Overflow Rate, Hydraulic Loading, or Surface Loading: In the design of a settling
basin, the settling velocity v, (also called terminal velocity) of target particle is selected. The basin is
designed such that all particles having a settling velocity equal to and greater than the terminal velocity
are fully removed (Figure 8.1). The designed terminal velocity is equivalent to the overflow rate, hydraulic
loading, or surface loading. These terms are numerically equal to the flow per unit area of the basin (m®/
m*.d or gpd/ft?). These relationships are expressed by Equation 8.6. It may be noted from Equation 8.6b
that the design capacity of the basin is independent of the depth.

y= % (8.6a)
Ve = % (8.6b)
0= g (8.6¢)
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where
v = design terminal velocity, overflow rate, hydraulic loading, or surface loading rate, m/s, m*/m*d
(gpd/ft*)
H = side water depth, m (ft)
6 = hydraulic retention time, h
Q = flow rate, m*/s (ft*/s)
A = surface area of the basin (length x width), m? (ft)
V = basin volume, m® (ft®)

The performance of an idealized settling basin is reduced significantly due to (1) turbulence at the influ-
ent, effluent, and sludge zones, (2) short-circuiting, and (3) volume occupied by the sludge and sludge
removal equipment. The design factors therefore are adjusted to account for these factors. These design
considerations are discussed later.

Fraction removed at a given overflow rate: A grit removal facility is normally designed for a given ter-
minal velocity or overflow rate. The particles having a terminal velocity equal to and greater than the given
over flow rate v, are fully removed. The particles of settling velocity v; less than v, are partially removed. If
the particles of all sizes are uniformly distributed over the entire depth of the influent zone, the particles
with settling velocity v; less than v, (Figure 8.2a) will be partially removed (Equation 8.7).

x =2 (8.7)
Vi

where X, = the fraction of the particles removed with settling velocity v;, dimensionless
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FIGURE 8.2  Settling behavior of discrete particles: (a) settling trajectory of particles v; < v, (b) column for settling
test, and (c) fraction removal curve.
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The grit suspension has particles of different sizes. The size distribution is determined from the standard
sieve analysis. The velocity of each fraction is obtained from a column test, or by using Newton’s or Stokes’
equations. A column used in such test is shown in Figure 8.2b.

A typical settling curve of discrete particles from a column analysis test is shown in Figure 8.2c. The
fraction removed in a settling basin having a terminal velocity of v; is given by Equation 8.8.

Xc )
1=n
F:(1—Xc)+Jﬁdxm(1—xc)+234xi (8.82)
Ve im1
0
H,
) (8.8b)
to
where
F ' = fraction removed, dimensionless
X.or Y m] Ax; = fraction of particles with velocity v; less than v, m/s (ft/s)

(1-X)or(1- Z;Z’ Ax;) = fraction of particles removed with settling velocity v; equal to and greater
than v, dimensionless

j f)(c % dx or ZZ’ EAxi = fraction of particles removed with v; less than v,, dimensionless
Vi " v = settling velocity of the particles v; less than v, m/s (ft/s)

H, = effective depth of the column or tank, m (ft)

to = time to fall the depth H, or detention time, s

The concept of fraction removal is difficult, and may require careful review of the following solved
examples to fully comprehend the text material.

EXAMPLE 8.1: DERIVATION OF NEWTON’S EQUATION

The Newton’s equation is developed by equating gravitational force to the frictional resistance or drag.
Develop Newton’s equation to express constant settling velocity of a particle in a fluid.

Solution

1. Draw the definition sketch of a settling particle in Figure 8.3.

R 1

) Particle
iy

8

FIGURE 8.3 Definition sketch of a settling particle in water (Example 8.1).

2. Write the equations for gravitational and frictional drag forces.
Gravitational force (Fg) is the buoyant weight of the particle.
Fe = (py = p)gV
where V = volume of the spherical particle, m® (ft*)

v=2p
6
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Frictional (or drag) force (Fy) is determined by the interface between the particle and the fluid.

. CDApVS2

F
d 2

where A = cross-sectional or projected area of the particle at right angle to the direction of velocity,
2 2
m" (ft°)

A==d

T
4

3. Equate the two forces and simplify.
At a constant settling velocity of v, the gravitational force must equal to the frictional force: F; = Fy.

CpApv?
(s = p)gV = 2= 2p ;
T CD%dszSZ
AV R S
(ps =Pl 2
VZ — 4g(ps — P)d
s 3/)CD
T4, — pd]"?_ [4g(s, — 1d]'""?
s = 3pCD a 3CD

The Newton’s equation (Equation 8.1a) is obtained.

EXAMPLE 8.2: DERIVATION OF STOKES’ EQUATION

Stokes’ equation applies for laminar condition when Ny is <1. Develop the Stokes’ equation from
Newton’s equation.

Solution
1. Obtain the value of Cp for Ny < 1.
Cp is obtained from Equation 8.2.
For Ny < 1, the sum of the last two terms in Equation 8.2 is relatively much smaller than the first

24
term. Therefore, the equation is simplified to Cp = —.
0 . Nr
2. Develop the Stokes” equation.

pd
Substitute the value of Cp = A and Np = BP0 Equation 8.1a.
R
1/2
15— | _ [, =pd 7" _Telps=p)d vpd]"_[glp—pwd]"
T 3 24 B 18p T 18p u B 18u
p X —
Nr

2 _8bi—pvd o glpy—p)d _ g(S, — D
S 18u T 18 18

Therefore, the Stokes’ equation (Equation 8.4) is obtained.
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EXAMPLE 8.3: SETTLING EQUATION UNDER TURBULENT CONDITION

Settling behavior of large diameter particles is such that turbulent condition is created, and Ny is >10".
Develop the Newton’s equation for settling velocity under turbulent condition.

Solution

1. Determine Cp under turbulent condition.

Cp is obtained from Equation 8.2. Under turbulent condition, Ng > 10*. The sum of the first two
terms in Equation 8.2 is significantly smaller than the third term. Therefore, these terms are ignored,
and Cp = 0.34.

2. Develop the equation.

Substitute Cp = 0.34 in Equation 8.1a and obtain the simplified settling equation (Equation 8.5)

under turbulent condition.

_ 4l = p)d]"”_ .—p) 17 12
n= [ 3px034 | 3.92¢ P d| =[3.92¢(S — 1)d]

EXAMPLE 8.4: SETTLING VELOCITY OF PARTICLES IN THE TRANSITION
RANGE

In a grit chamber, the sandy material is removed. Calculate the terminal settling velocity of the selected
smallest particle that is fully removed in a grit chamber. The sp