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Accident prevention, 40
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Action plan, 418
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Activated oxygen, 174
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AC voltage. See Alternating current (AC) 
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ADA. See Americans with Disabilities Act 

(ADA)
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and subtraction, 525
Adequate treatment, of wastes, 2
Adsorption process, odor treatment 

systems, 154, 155, 156f, 162
Advanced oxidation processes (AOP), 

25–27, 27f
hydroxyl radicals in, 26f
in tertiary treatment of wastewater, 20f

Aerated lagoons, 29
Aeration, 131, 228, 229
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mechanical surface, 207f
oxygen and, 152–153

Aeration basin, 309, 326
with anaerobic, anoxic, and aerobic 

zones, 371f
pH, 288f
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Aerobic bacteria, 5, 334
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Aerobic lagoons, 28
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AGCT. See Actual gas contact time (AGCT)

Air distribution system, 180
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elements or compounds, 121
pollutants, 120
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Air-handling units, 335
Algae, 7, 28
Algebra, 530–532
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Ambient odor measurement, 144f
American National Standards Institute 
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(ASME), 510
Americans with Disabilities Act (ADA), 421
America’s Water Infrastructure Act of 2018 

(AWIA), 409, 508f
emergency response plan required 

content, 512f
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Ammonia, 21, 36, 82, 101

and amines, 164
Ammonia odors, 148
Amperage, 224
Amperometric, 320

sensors, 360–361, 363
Amperometric Clark DO sensors, 323f
Anaerobes, 336
Anaerobic, 301
Anaerobic bacteria, 6, 34, 334

population, 27
Anaerobic conditions, 124, 131
Anaerobic digesters, 34, 35, 333

egg-shaped, 373f
Anaerobic digestion, 302, 303f, 333, 372–373
Anaerobic lagoons, 28
Anaerobic reactor, 134
Analog signal, 200, 249
Anode, 320, 360
Anoxic, 301
ANSI standard format. See American 

National Standards Institute (ANSI) 
standard format
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(AOP)

Apprenticeship programs, 419
Aqueous, 280

conductivity, 289

solution, 291, 293
Aquifer recharge, 80–81, 92

indirect potable reuse for, 89f
reclaimed water for, 81t

Aquifer replenishment operation, 84–87
Aquifer storage and recovery (ASR), 91
Area, 537–546

circle, 541–542
cone, 543–545
cylinder, 542–543
rectangle, 538–539
sphere, 545–546
trapezoid, 540
triangle, 539–540

ASME. See American Society of Mechanical 
Engineers (ASME)

Asphyxiation, 337
ASPs. See Activated sludge processes 

(ASPs)
ASR. See Aquifer storage and recovery 

(ASR)
Assessment, resilience through,  

499–514
cyber security, 505–507
emergency response plan (ERP), 409, 

511–513
physical security, 502–505
risk, 510–511
risk and assessment, 508–510

Asset management, 403, 406, 450, 458
computer maintenance management 

system (CMMS), 451, 461–463
condition assessments, 468–470, 469t
failure, 470t
implementation and maintenance, 

477–478
inventory, 466–468
life cycle phases, 475f
planning, 407
program, 38, 464f
program benefits, 458–463
program components, 463–477
risk assessment, 470–475, 471f
software programs, 467
tree structure used, 468f

ATC. See Automatic temperature 
compensation (ATC)

Atmospheric monitoring, 234
Authority, 410, 411
Automatic operation processes, 208–215

Note: Page numbers followed by “f” refer to figures; those followed by “t” refer to tables.
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Automatic temperature compensation 
(ATC), 283

Automation system, 215
components, 199–202

architecture, 200, 200f
field device, 199–202
programmable logic controllers, 202

Autotrophic organisms, 182
Average, 625
AWIA. See America’s Water Infrastructure 

Act of 2018 (AWIA)

B
Back pressure, 374
Backwashing, 162, 198
BACT. See Best available control 

technology (BACT)
BAFs. See Biological aerated filters (BAFs)
Balance sheet, 447
Ballasts, 342, 343
Base, 527
Battery-powered portable DO meters,  

325f
Bell System, 40
Benzene, 120
Best available control technology (BACT), 

121, 123
BHP. See Brake horsepower (BHP)
Biochemical oxygen demand (BOD), 9, 57, 

68, 82, 127, 234, 625
Biofilters, 176, 178, 180
Biofouling, 325f
Biogas, 372
Biological aerated filters (BAFs), 198, 199, 

263, 309
and membrane bioreactor, 199f
with polystyrene filter media, 264f
wastewater treatment facility, 310f

Biological nutrient removal (BNR) 
processes, 134, 301, 369–371

Biological odor treatment processes, 
176–185

components, 178–181
description, 176–178
maintenance, 184f
operation, 183–184
performance, 182–183
process flow, 177f
troubleshooting, 185

Biological process, 233
effluents, 71f

Biological treatment processes, 18
Bioscrubbers, 176, 179, 180, 184

designs with single-stage and 2-stage 
media designs, 181f

Biosolids, 2, 11, 18
Biotrickling filters, 177, 179, 179f, 180, 184
Blind meters, 242
BNR processes. See Biological nutrient 

removal (BNR) processes

BOD. See Biochemical oxygen demand 
(BOD)

Border-check systems, 98
Bottom-up approach, 416, 477
Bottom waters, 67
Brake horsepower (BHP), 590, 598, 603

vs. capacity, 598f
Breakpoint chlorination, 352, 352f
Breakthrough, 382
Budgeting, 449–454
Buffer solution, 280, 362f
Bulking, 276
Butanol, 142

C
Calcium, 82
Calcium carbonate, 84
Calibration

procedures, 284–285
standards, 297–298

Calibration drift, 340
Call date, 452
Capacity, 600–601

brake horsepower vs., 598f
efficiency vs., 599f
equivalents, 582t
head vs., 598f
metric system, 582

Capacity, management, operation, and 
maintenance (CMOM), 484

Capital assets, 443
Capital expenses, 443–444
Capital improvement plan (CIP), 403, 407, 

451–453, 460, 470–475
Carbon, 157
Carbon dioxide gas, 34
Carbon disposal/regeneration, 161–162
Carbon-filled odor control unit, 263
Carbon media, 157, 161
Carbon monoxide, gas sensor, 338t
Carcinogens, 342
Cash flow summary, 447
Catalytic bead sensors, 333, 334f
Catalytic oxidation process, 175
Catalytic oxidation systems, 163
Cathode, 320, 360
Cation exchange capacity, 107
Caustic-coated silica gel sorbent tube, 147f
Caustic soda regeneration process, 161
C1D1 environments. See Class 1,  

Division 1 (C1D1) environments
Cell constant, 292, 293f, 295
Central tendency, 624–629
Centrifugal pumps, 597
Certification examinations, 430
Certification program, 430
Certified operators, 430
Charts, 619–624, 635–640
Checkup Program for Small Systems 

(CUPSS) program, 467, 469, 476t

Chelated iron, 175
Chemical compounds, 6
Chemical feed system, 167
Chemical mist scrubber system, 170–173, 174f

advantages, 170
design guidelines for operation, 173t
disadvantages, 170
for odor control, 171f, 172f

Chemical odor treatment process, 162–175
catalytic oxidation process, 175
chemical mist scrubber system, 170–173
ionization processes, 173–175
wet scrubber systems, 163–170

Chemical oxygen demand (COD), 9
Chemical scrubbers, 162
Chemiluminescence, 146
Chlorinated effluent, 19
Chlorination, 151–152
Chlorine, 17, 83

contact basin, 19f, 351f
gas sensor, 337–338, 337f
and hydrogen sulfide, 151
and ozone, 126

Chlorine demand, 210
Chlorine disinfection, 350–363

basic chlorine chemistry, 350–353
control strategies, 353–359
process control instrumentation, 359–363

Chlorine gas, 350, 364
disinfection system injection equipment, 

353f
sodium hypochlorite and, 371

Chlorine residual, 210
control method, 357–359

Chlorine sensors, 234
Chromate, 153
Chromium, 5
CIP. See Capital improvement plan (CIP)
CIPM. See International Committee for 

Weights and Measures (CIPM)
Circle, 541–542, 541f
Circuit breakers, 275
CISA. See Cybersecurity and Infrastructure 

Security Agency (CISA)
Clarifiers, 18, 31, 131, 132, 207

solids-contact, 83f
Clark DO sensors, 340
Class 1, Division 1 (C1D1) environments, 

328
Clean Air Act (CAA), 121
Clean-in-place (CIP) systems, 289
Clean Water Act (CWA), 10–12, 89
Closed loop control system, 211, 212f, 357f

derivative element of, 214
CMMS. See Computer maintenance 

management system (CMMS)
CMOM. See Capacity, management, 

operation, and maintenance 
(CMOM)

COD. See Chemical oxygen demand (COD)
Cold waters, 67
Coliform, 341
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Collection systems. See Wastewater 
collection systems

Colorimetric chlorine analyzer, 361–363, 
362f

Colorimetric measurement, 360
Combined chlorine, 351
Combined collection systems, 10
Combined sewer overflows (CSOs), 10
Combustion process, 185–186
Communication system, 478–498

to audience groups, 481f
crisis, 482–484
customer and stakeholder, 481–482
hazard communication standard, 488–498
individual communication skills, 484–488
media relations and interviews, 484
message or system, 480f
planning, 479, 482–484
transparency and trust, 478f

Community water systems (CWS), 507–508
Compensation, employees, 429–430
Competent person, 218
Complex desiccant dryers, 379
Composite samples, 57
Compound loop systems, 359, 360f
Compressed air systems, 373–382

conditioning, 378–380
moisture removal systems, 378–380
particulate and oil removal, 380

detecting air leaks, 381–382
rotary screw, 379f
types of, 375–378

Computer maintenance management 
system (CMMS), 38, 205, 451, 455, 
461–463, 467

features, 476
implementation, 476–477
software packages, 476

Concentration, 552–558
dilution ratio and factor, 554–555
mixtures, 555–558

Condition assessment, 460, 468–470
Conductivity sensors, 289–301, 299f

calibration and maintenance 
requirements, 297–298

contact and noncontact field-mounted, 
298f

4-electrode, 295f
measurement principles, 291–294
measuring ranges, 293f
noncontact inductive, 296f
operating principle of, 291f
sensor configurations, 294–297
2-electrode, 295f
and wastewater treatment, 298–301

Conductor, 242
Cone, 543f, 549f

area, 543–545
volume, 547f, 549–550

Confined space, 155, 217–219
entry permit, 219f
pre-entry checklist, 219f

Confined space, non-permit, 218
Confined space, permit-required, 218
Conservation measures, 73–74
Constituents, 23
Consumer Price Index (CPI), 446, 453
Contact conductivity sensors, 295, 298
Contact devices, 266, 294
Continual improvement culture, 416
Continuous control, 210
Continuous process, 311
Continuous vapor-phase hydrogen sulfide 

monitoring, 145f
Contracting

advantages and limitations, 439
development and management,  

439–441
for work, 438–441

Contract services, 443
Control panel, 181
Control strategies, 206–215

chlorination, 353–359
manual operation, 206–208

Control systematic variations, 617–618
Control systems, 79, 206
Conventional gravity collection system, 14
Conventional wastewater treatment plants, 

7
Conveyance systems, 12–14
Copper, 5
Corrective actions, 40
Correlation coefficient, 645
Corrosion, 120, 269
Corrosive gases, 232
Costs, 452
Coverage ratio, 447
CPI. See Consumer Price Index (CPI)
Crisis communication, 482–484
Crop irrigation systems, 100
Cross-community approach, 499
Cross-flow membrane filtration, 22, 23, 23f
Cross-multiplication, 532
Cryptosporidiosis, 6
Cryptosporidium, 26
CSOs. See Combined sewer overflows 

(CSOs)
Cube, 546, 546f, 547
Cultural change, 416–418

in organizations, 417f
Cumulative load, 639f
CUPSS program. See Checkup Program for 

Small Systems (CUPSS) program
Current ratio, 447, 448
Customer communications, 479, 481–482
CWA. See Clean Water Act (CWA)
CWS. See Community water systems (CWS)
Cyber security, 505–507
Cybersecurity and Infrastructure Security 

Agency (CISA), 507
Cylinder, 542f, 549f

area, 542–543
lateral surface area, 542f
volume, 549

D
DAF. See Dissolved air flotation (DAF)
Daily values, 634f
Daltons, 24
Dangerous air contamination, 328
Dangerous atmospheres, 328
Data, 618

in chart form, 618f
dot diagrams, 621–623
histograms, 619, 620–621
numerical representation, 624–632
stem-and-leaf plots, 621–623
in tabular form, 619f
using effectively, 615f

Data analysis, 615–645
control systematic variations, 617–618
data/results, 618–634
regression analysis, 640–645
using charts and graphs, 635–640
variation, 616

Data-centric decision making, 461
Data loggers, 329f, 332
Deadband, 208
Debt service, 441

coverage ratio, 447
Dechlorination processes, 350, 353
Decimal number, 532, 533t
Decision making process, 415
De facto reuse, 48, 54, 90
Delegation, 410–411
Deliberate thought process, 415
Denitrification, 21
Density, 551–552
Deoxyribonucleic acid (DNA), 342
Dependent variable, 640
Depreciation, 443
Desiccant dryers, 379, 380f
Destratification, 80
Detection threshold (DT), 142
Dewatering process, 33f
Dewatering systems, 17, 31–35, 137, 204, 

229, 230f
Differential pressure gauges, chemical 

scrubbers, 169
Differential pressure sensors, 261–263, 262f

carbon-filled odor control unit with, 263f
Digester gas, 35
Digesters, 123, 137

sludge volume in, 635–637
Digital outputs, 200, 201
Digital signal, 200, 202
Dilution ratio and factor, 554–555
Dilution-to-threshold (D/T) ratio, 121, 122, 

143, 144
Dimethyl sulfide, 148
Direct current, 202

vs. alternating current, 295f
Direct photolysis, 173
Direct potable reuse (DPR), 3, 48, 88f, 89, 

92–93
Discharge pressures, 602f, 605f
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Discharge to surface waters, 59
effluent, 49f
operating procedures, 69–72
receiving water monitoring, 60–69
review of plans and specifications, 

72–73
Discrete I/O signals, 200
Discrete samples. See Grab samples
Disease transmission, 6
Disequilibrium, 314
Disinfected effluents, 72f
Disinfection process, 6–7, 18–19

instrumentation, 341–342
chlorine disinfection, 350–363
ultraviolet light, 342–350

open loop system, 354f
Disposal system, 98
Dissolved air flotation (DAF), 22, 137
Dissolved oxygen (DO), 18, 57, 125, 212

average, 106
battery-powered portable meters, 325f
concentrations, 92, 128
profile measurements, 67, 68f
receiving water monitoring, 67–68
test, 59
in wastewater treatment, 311–327

calibration requirements, 326–327
electrochemical sensors, 320–322
for laboratory use, 326f
measuring, 313–324
optical sensors, 322–324, 323f, 324f
sensor configurations, 324–326, 325f

Dissolved solids, 5, 8
Distance, 536–537
Distribution systems, 75
Division, 524

multiplication and, 525–526
DNA. See Deoxyribonucleic acid (DNA)
DO. See Dissolved oxygen (DO)
Documentation, 431
Domestic contribution, 4
Domestic wastewater, 4–5, 341
Doppler ultrasonic meters, 246–248, 247f
Dot diagrams, 621–623, 622f
Downstream water, 2
DPD (N,N-diethyl-p-phenylenediamine), 

361
DPR. See Direct potable reuse (DPR)
Drainage system, 171
Drainage wells, 113
Drain tile systems, 113
Dry pressure sensors, 256–261, 258f
DT. See Detection threshold (DT)
Dual-column desiccant air dryer system, 

380f
Duplex pump lift station controlled, 210f

E
EBCT. See Empty bed contact time (EBCT)
Education services, non-profit, 421

EEO Act. See Equal Employment 
Opportunity (EEO) Act

Effective Utility Management (EUM): A 
Primer for Water and Wastewater 
Utilities, 403

Effective Utility Management Initiative, 400
Efficiency vs. capacity, 599f
Effluent, 3, 11, 29

biological process, 71
land treatment, 95
measurement program, 65
mixing in river, 66f
and receiving water characteristics, 58
reclamation, 31–36, 48
reuse, 31–36, 48
sampling programs, 60
treated, 60

Effluent discharge, 31–36, 48, 49f
Florida’s water quality criteria, 50–53t
operational strategy for, 70
and reuse. See Reuse, wastewater
safety procedures for, 54–55
sampling and analysis, 55–59
into surface waters, 49f
to surface waters. See Discharge to 

surface waters
treated wastewater, 48
water reuse applications, 49

Effluents
biological process, 71f
disinfected, 72f
pond, 71f

Egg-shaped anaerobic digesters, 373f
Electrical conductivity, 289
Electrical energy, 39
Electrical equipment, 577
Electrical power, 37
Electrical resistance, 255
Electrical safety, 55
Electricity, cost of, 37
Electrochemical sensors, 321f

dissolved oxygen, 320–322, 326
oxygen gas, 340

Electrodes, 242, 282f, 288f, 289f
reference and measurement, 283f

Electrolytes, 280, 285, 290f, 360
Electrolyte solution, 280
Electromagnetic meters (flowmeters), 201f, 

242–246, 276f
insertion-style, 242f
magnetic field generated by coils in, 

243f
Electronic pressure sensors, 255
Electronic security, 505
Emergency operation procedures,  

70, 109
land treatment systems, 109

Emergency response plan (ERP), 409, 483, 
484, 511–513, 512f, 513t

Emergency storage, 73
Emissions, 120

of hazardous pollutants, 121

standards for individual odor-causing 
compounds, 122t

Employee
compensation, 429–430
evaluation form, 432f–433f
and supervisor, 435

Employment policies and procedures, 
429–438

compensation, 429–430
discipline problems, 434–438
introductory period, 429
leadership development, 431
performance evaluation, 431–434
training and certification, 430

Empty bed contact time (EBCT), 182–183
Energy-isolation devices, 216
Energy losses, 611–615
Energy-rich biogas, 302
Engulfment, 217
E-nose odor monitoring, 146
Entities, utility ownership, 441
Entrained, 249
Environmental buffer, 90
Environmental planning, 408
EPA. See US Environmental Protection

Agency (EPA)
EPA Security Product Guide, 505
Equal Employment Opportunity (EEO) Act, 

421
Equipment repair, 450–451
Equipment requirements, 79–80

land treatment systems, 96–99
wastewater reuse, 79–80

Equipment ventilation system, 157
Error term, 212
Estuaries, 48
Evaporation ponds, 31
Evapotranspiration, 96
Evolution, 416
Excessive moisture, 378
Expenses, 441–444

capital, 443–444
operating, 443
reserve fund contributions, 444

Explosion proof (XP), 328
equipment, 330f

Exponent, 527
Exponentiation, 527
Exposed measurement junctions, 273f
External functions, 403

F
Facultative heterotrophs, 369
Facultative lagoons, 28
Failing junction, 280
Falls, 219–220
Family and Medical Leave Act (FMLA), 421
Faraday’s law, 242
Fats, oil, and grease (FOG), 133
Fecal odors, 148
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Federal and state laws, 489
Federal and state tax, 441
Federal funding programs, 10, 446
Ferric chloride, 84
Fiberglass reinforced plastic (FRP), 165
Field device, 199–202
Field-mounted sensors, 324

contact and noncontact conductivity 
sensors, 298f

ORP probes, 368
pH electrodes, 287, 288f

Filamentous bacteria, 276
Filamentous organisms, 311
Filtration processes, 22, 23
Finance and funding

budgeting and financial policies, 449–454
expenses, 441–444
financial indicators, 447–449
inflation, 453–454
revenues, 444–446

Financial indicators, 447–449
Financially sound decision making, 460–461
Financial planning, 409
Financial policies, 449–454
Fire prevention plans, 502
First-stage BOD, 21
Fit-for-purpose treatment, 3, 48

and reclaimed water applications, 76f
5-stage Bardenpho process, 86–87, 87f
Fixed film processes, 133
Fixed gas sensors, 328–331
Fixed systems, 96, 155
Float (control), 209
Floatable solids, 9
Floating solids, 18
Florida’s water quality requirements and

use categories, 49–53, 50t–53t
Flow data, 234
Flow measuring devices, 15, 17
Flow metering, 234–254

attributes, comparison of, 240f
electromagnetic meters, 242–246
equipment, 57, 72
open-channel flow, 239–241
ultrasonic meters. See Ultrasonic meters

Flow rate, 559–564
Flow-through turbidity meter, 386–387, 386f
FMLA. See Family and Medical Leave Act 

(FMLA)
FOG. See Fats, oil, and grease (FOG)
Food to microorganism (F/M) ratio, 382
Force, 564–573
Formal performance evaluation, 431
Formazin, 384, 385
Forward and reverse function, 228
4-electrode conductivity sensors, 295f
Fraction, 532, 533t
Free chlorine, 350
Free oxygen, 370
Frequency, 620
Fresh air blower, 339f
Friction, 611–615

FRP. See Fiberglass reinforced plastic (FRP)
Fully sheathed thermocouples, 273

G
Galvanic cells, 321
Galvanic Clark sensors, 321
Gas chromatography, 146
Gas detection systems, 329f
Gas flow measurement, 301–311

thermal mass flow, 301–311
Gas formers, 34
Gas–gas oxidation systems, 163
Gas sensors, 328

configuration, 328–332
data loggers, 332
fixed gas sensors, 328–331
portable gas meters, 331–332

mounted, 331f
and transmitters, 330f

Gauges, 617, 618f
General obligation bonds, 452
Gentle mixing, 21
Geometric mean, 628
Germicidal, 342
GHS. See Globally Harmonized System of 

Classification and Labeling of 
Chemicals (GHS)

Giardia, 6, 26
Giardiasis (giardia), 6
Globally Harmonized System of 

Classification and Labeling of 
Chemicals (GHS), 488, 498

Good communication, 484
Governmental regulatory agencies, 59
Grab samples, 57
Graphs, 619–624, 635–640
Gravimetric filtration method, 382
Gravitational force, 564
Gravity collection systems, 130

risk assessment, 472, 473
Grit, 5
Grit channels, 233
Grounded measurement junctions, 273f
Groundwaters, 77

H
HAAs. See Haloacetic acids (HAAs)
Haloacetic acids (HAAs), 342
Hand-off-automation (HOA) switch, 208, 

208f
Hazard communication program, 490t
Hazard communication standard (HCS), 

488–498
pictograms and hazards, 495f

Hazardous atmosphere detection, 327–341
calibration and maintenance, 340–341
common target gases, 333–340

carbon monoxide, 338
chlorine and sulfur dioxide, 337–338

combustibles, 333–334
hydrogen sulfide, 334–337
oxygen concentration, 338–340

gas sensor configuration, 328–332
Hazardous Materials Identification System 

(HMIS), 496, 497f
Hazardous pollutants, 121
Hazards, safety, 41
Hazard statement, 492
HCS. See Hazard communication standard 

(HCS)
Head, 573–578
Head loss, 242
Headworks, 34, 229
Health and safety planning, 409
Heating, ventilation, and air conditioning 

(HVAC) system, 274
Hedonic tones, 142
Height, 564f
Henry’s law equation, 314, 317
Hertz (Hz), 224
Heterotrophs, 182, 369
High-purity activated sludge process, 312, 

313f
High voltage-based ionization processes, 

174
Histograms, 619, 620–621, 620f, 630f
HMI. See Human machine interface (HMI)
HMIS. See Hazardous Materials 

Identification System (HMIS)
Homeland Security Advisory System, 504
Horizontal UV configuration, 345f
Horsepower, 588–592
Human machine interface (HMI), 204, 210

touchscreen, 211f
Human resources records, 457
HVAC system. See Heating, ventilation, and 

air conditioning (HVAC) system
Hydraulic factors, 128
Hydrochloric acid (HCl), 350
Hydrogen, 276, 279t
Hydrogen ion, 280
Hydrogen peroxide, 152

advantages, 152
disadvantages, 152

Hydrogen sulfide (H
2
S), 6, 12, 36, 121, 123, 

137, 139, 164, 332, 365
catalytic oxidation of, 175f
chlorine and, 151
concentrations, symptoms, 336t
gas sensors, 334–337
monitoring instruments, 145
and sodium hypochlorite, 171

Hydrogen sulfide–sulfide equilibrium, 125f
Hydrologic cycle, 90
Hydroxide ions, 279t
Hydroxyl ions, 173
Hydroxyl radicals, 25

in advanced oxidation processes, 26f
Hypochlorite processes, 163
Hypochlorous acid (HOCl), 351, 361, 365
Hypotenuse, 543
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I
IFAS. See Integrated fixed film activated 

sludge (IFAS)
Impregnated carbon, 159
Income statement, 447
Independent variable, 640
Indirect potable reuse (IPR), 3, 48, 88, 

90–92
for aquifer recharge, 89f

Individual communication skills,  
484–488

oral communication, 484–485
written communication, 485–488

Indole, 36, 147
Inductive conductivity sensors, 295, 296
Industrial reuse, 76f, 77
Industrial wastewater, 127
Inert-media gravity filters, 22
Infiltration, 13
Infiltration–percolation systems, 96, 98t
Inflow, 13
Influent, 12
Influent pumping station risk assessment, 

471
Information management, 454–458
Infrared (IR) sensors, 333, 334

for LEL, 335
Inground biofilter design, 178f
Inorganic components, 127
Inorganic suspended solids, 7, 9
Inorganic waste, 5
In-place sodium hydroxide, 161
In-plant measurements, 59, 60
Inputs and outputs (I/O), 224–228
Insertion meters, 242
Insertion-style

electromagnetic meters, 242f
paddlewheel flowmeters, 253f
thermal mass flowmeters, 305, 306f

Installation, variable frequency drives, 
222–228

Instantaneous vapor-phase hydrogen 
sulfide measurement, 145f

Instrumentation, 167
control, 37

disinfection process instrumentation, 
341

process automation. See Process 
automation

safety hazards, 215–220
sensors. See Sensors
variable frequency drives (VFDs), 

220–230
Integrated biological processes, 176
Integrated fixed film activated sludge 

(IFAS), 86
Intermediate concepts, math, 536
Internal agency procedures, 439
Internal communication systems, 482
Internal functions, 403
Internal mixed liquor recycle, 29

International Committee for Weights and 
Measures (CIPM), 581

International System of Units. See SI 
(International System of Units)

Interview, 484
applicants, 425

Introductory period, 429
Inventory, 466–468
Inventory records, 457
Ionization, water, 276–277
Ionization processes, 173–175

high voltage-based, 174
Ionization systems, 163
Ionized, 276
Ion selective electrode (ISE), 280
IPR. See Indirect potable reuse (IPR)
Iron sponge, 159
Irrigation systems, 55, 96, 98, 99, 176, 180

biological odor control systems, 176, 180
classification, 107, 108f
methods, 96, 99f
saline and sodium waters, 107, 108f
techniques, 96, 99f
typical loadings for, 98t

ISE. See Ion selective electrode (ISE)

J
Job qualifications, 423
Joules, 573

K
KCl. See Potassium chloride (KCl)
K-factor values, 252
Kiloliters, 582
Kilometers, 582

L
Laboratory control tests, 37
Laboratory information management 

systems (LIMS), 205
Laboratory olfactometers, 143
Laboratory pH electrodes, 286
Laboratory turbidity meter, 387–388, 389f
Lagoon systems, 17, 27–29

stabilization, 28f
Laminar, 235
Land discharge systems, 31, 54
Land disposal systems, 96f, 99

application methods, 97f
goal of, 105

Land treatment systems, 95
emergency operation procedures, 109
equipment requirements, 96–99
limitations, 100–101
maintenance, 114
methods of land application, 97

monitoring program, 109–113
operating procedures, 101–105
operational strategy, 105–109
plans and specifications, 113–114
sidestreams and treatment, 99–100

Lateral surface area, 542
cylinder, 542f

Leach lines, 54
Leadership development, 405, 431
LELs. See Lower explosive limits (LELs)
Length, 536–537, 581–582
Level of service (LOS) agreement, 463–466, 

465t
Level-sensing devices, 250–252
Level-sensing instruments, 209
Life-cycle costing, 460
Lift station, 129–130

discharge, 130
operation, 209

Likelihood, threat, 510
Lime (Ca(OH)

2
), 83

LIMS. See Laboratory information 
management systems (LIMS)

Linear assets, 466
Linearity, 267
Liquid disinfection systems, 359
Liquid-phase

caustic (NaOH) chemical in, 164
chemical application, 162
chemical treatment, 151–154

chlorination, 151–152
chromate, 153
hydrogen peroxide, 152
metallic ions, 153
nitrate compounds, 153
oxygen and aeration, 152–153
ozone, 153
pH control, 153–154

control, 131
sampling, 139–140
sulfide measuring test kit, 140f

Liter, 582
Living organisms, 18
Lockout/tagout, 55, 168, 215–217, 337

tag station, 216f
Long-term capital improvements, 452
Long-term financial planning, 450
Long-term planning, 409
Long-term responsibilities, 400
LOS agreement. See Level of service (LOS) 

agreement
Lower explosive limits (LELs), 234, 333

catalytic bead sensor, 334f
infrared sensor for, 335f

M
MACT standards. See Maximum achievable 

control technology (MACT) 
standards

Magnesium, 82
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Magnetic flowmeters, 72
Maintenance program, 37–38, 95

asset management program, 38
Manometers, 617, 617f
Manually operated processes, 206–208
Masking, odor control, 186
Mass, 550–551
Mass transfer, 162
Math assignment, 41–42
Maximum achievable control technology 

(MACT) standards, 121
MBRs. See Membrane bioreactors (MBRs)
Mean, 522, 625, 626
Measurement electrodes, 280, 366

pH sensor, 367
reference and, 283f

Measurement junction, 270
Measurement LED, 323
Mechanical flowmeters, 252–254

insertion-style, 253f
turbine-style, 253f

Mechanical pressure gauges, 255
Mechanical surface aeration, 207f
Media, 18, 154, 159

carbon, 157, 161
in odor control systems, 157
vessel, 155

Median, 522, 625
Media relations, 484
Membrane bioreactors (MBRs), 29–31, 198, 

199, 310
biologically activated filter and, 199f
treatment plant, 29f
wastewater treatment facility, 311f
wastewater treatment process, 30f

Membrane filtration processes, 22–24
cross-flow, 23f

Meniscus, 617
Mercaptans, 36, 120
Metallic electrodes, 291
Metallic ions, 153
Metal oxide composition, 266
Metering devices, 57
Metering system, 79
Methane gas, 34
Metric system, 536, 580–583

capacity, 582
length, 581–582
SI base units, 580–581
temperature, 583
volume, 582
weight, 582

Microfiltration (MF) membranes, 20,  
23–24

Micron, 171
Milligrams per liter (mg/L), 5
Milliliters, 582
Million gallons per day (MGD), 57
Mist eliminator, 167
Mixed calculations, 526–528
Mixed liquor suspended solids (MLSS), 

265, 391

MLSS. See Mixed liquor suspended solids 
(MLSS)

Mobile ventilation unit (MVU), 157
components, 158f

Mode, 522, 625
Modern asset management program, 463
Moisture removal systems, 378–380
Molecular weight cutoff (MWCO), 24
Moles, 277
Monitoring program, 94–95

land treatment systems, 109–113
Most probable number (MPN), 11
Motor-operated actuator, 232, 232f
Movable systems, 96
MPN. See Most probable number (MPN)
MS4s. See Municipal separate storm sewer 

systems (MS4s)
Multi-gang lockout hasp, 217f
Multiplication, 524

and division, 525–526
Multistage reciprocating positive 

displacement compressor,  
376f, 378f

Municipal separate storm sewer systems 
(MS4s), 11

MVU. See Mobile ventilation unit (MVU)
MWCO. See Molecular weight cutoff 

(MWCO)

N
NAAQS. See National Ambient Air Quality 

Standards (NAAQS)
Nanofiltration (NF), 24
National Ambient Air Quality Standards 

(NAAQS), 121
National Emission Standards for 

Hazardous Air Pollutants (NESHAP), 
121

National Fire Protection Association 
(NFPA) 704 Hazard Rating, 496, 
497f

National Infrastructure Protection Plan 
(NIPP), 499

risk management framework, 500f
National Institute of Standards and 

Technology (NIST), 284, 580
National Pollutant Discharge Elimination 

System permit (NPDES permit) 
program, 10–11, 58, 69, 70, 234, 
276, 484

National Pretreatment Program, 11
National Terrorism Advisory System 

(NTAS), 504, 505
Natural hazard risk assessment, 501t
Negative temperature coefficient (NTC), 

266, 267
Nephelometric turbidity units (NTUs),  

383
Nephelometry, 383
Nernst equation, 281, 283

NESHAP. See National Emission Standards 
for Hazardous Air Pollutants 
(NESHAP)

NFPA 704 Hazard Rating. See National Fire 
Protection Association (NFPA) 704 
Hazard Rating

NIPP. See National Infrastructure 
Protection Plan (NIPP)

NIST. See National Institute of Standards 
and Technology (NIST)

Nitrate compounds, 153
Nitrification, 20–21
Nitrogen, 21, 54

compounds, 125–126
removal system, 112
in wastewater, 100, 126

Nitrogen gas, 369
Noncontact devices, 266, 274
Noncontact inductive conductivity sensors, 

295, 296f, 297f, 298
Noncontact meters, 246
Non-permit confined space, 218
Non-potable reuse programs, 80–87

aquifer recharge, 80–81
aquifer replenishment operation, 84–87
nuclear generating station feedwater, 

82–84
reclaimed water system, 84–87
recreational lake level maintenance, 80

Non-profit training, 421
Nonsettleable solids, 8
Non-thermal plasma (NTP) ionization 

processes, 173
Normal distribution, 621, 622f
NPDES permit program. See National 

Pollutant Discharge Elimination 
System permit (NPDES permit) 
program

NTAS. See National Terrorism Advisory 
System (NTAS)

NTC. See Negative temperature coefficient 
(NTC)

NTP ionization processes. See Non-thermal 
plasma (NTP) ionization processes

NTUs. See Nephelometric turbidity units 
(NTUs)

Nuclear generating station feedwater, 
82–84

Nuisance level control, 123
Numbers, 523–524
Nutrient feed system, 180
Nutrients, 2, 78, 182, 233

concentration, 127

O
Objectivity, 428
Occupational Safety and Health Act of 

1970 (OSH Act of 1970), 492
Occupational Safety and Health 

Administration (OSHA), 40, 336
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Odor characterization, 147–148
Odor control, 36. See also Odor generation

air emissions in wastewater, 120
assessment, 139–148
chemical mist scrubber system, 171f, 

172f, 173t
in collection systems, 126–130

force mains, 130
generation mechanism, 127–128
lift station, 129–130
pipes, 128–129
valves and vents, 130

compounds, 124t
management, 186–192

complaints, 189–190
goal setting, 188
odor impact assessment, 187–188
public outreach and community 

engagement, 188–189
masking, 186
measurement, 139, 142–148

chemical analysis, 146–147
E-nose odor monitoring, 146
hydrogen sulfide monitoring

instruments, 145
odor characterization, 147–148
odor panels, 142–145
olfactometer, 142–145

monitoring and reporting, 190–192
nuisance, 123
packaged wet scrubber system, 166
plans and specifications, 192
regulations, 121–123
sampling, 139–142

liquid phase, 139–140
vacuum chamber, 141
vapor-phase, 140–142

treatment, 148–149
adsorption, 156f
liquid-phase chemical treatment, 

151–154
method, 150–151
source control, 149–150
vapor-phase. See Vapor phase

in wastewater collection systems, 120
in wastewater treatment plants, 130–139

preliminary treatment, 131
primary treatment, 131–133
secondary treatment, 133–136
solids handling facilities, 134, 137–138

Odor emission, 150
Odor generation, 123–126

collection system, 150
favorable environment, 150
nitrogen compounds, 125–126
other odorous compounds, 126
sulfur compounds, 123–125

Odor impact assessment, 187–188
Odorous gas, concrete erosion, 6
Odor panels, 142–145, 143f
Odors, 60, 120. See also Odor control; 

Odor generation

complaint form, 191f
Odor threshold value (OTV), 123, 142
Ohm’s law, 291
Olfactometer, 121, 142–145, 143f

for ambient odor measurement, 144f
Olfactory fatigue, 148
Onboarding, 428–429
Online training, 420
Open-channel flow systems, 235,  

239–241
Open-channel Parshall flume, 236f
Open-channel systems, 343
Open loop controller system, 210, 211f

disinfectant injection, 354f
Operating expenses, 443
Operating procedures

discharge to surface waters, 69–72
for effluent discharge, 69–72

emergency, 70
strategy, 70
troubleshooting, 70–72

for handling complaints, 189
land treatment systems, 101–105

Operating ratio, 447
Operational strategy, 93

for effluent discharge systems, 70
land treatment systems, 105–109

Operational theory, 313
Operations, 523–524

chemical mist odor control, 173t
order of, 525–529
variable frequency drives, 222–228

Operator interfaces, 203–206
module, 222

Operators, 58, 455, 619
Optical DO sensors, 322–324, 323f, 324f
Optimum moisture, 182
Oral communication, 484–485
Order of operations, 525–529

addition and subtraction, 525
mixed calculations, 526–528
multiplication and division, 525–526
parentheses, 528–529

Organic nitrogen, 101
Organics

components, 127
concentration, 127
content of water, 9

Organic suspended solids, 7, 9
Organic waste, 5
Organization-level communication, 478
Organizations

and culture, 416–418, 417f
planning, 409–412

Organizing, 403
ORP. See Oxidation-reduction potential 

(ORP)
OSHA. See Occupational Safety and Health 

Administration (OSHA)
OSH Act of 1970. See Occupational Safety 

and Health Act of 1970 (OSH Act of 
1970)

OTV. See Odor threshold value (OTV)
OUCH principle, 428
Outfall, 69
Output devices, 202–206
Output signal, 201f, 212
Overland flow systems, 98t
Overturn, 134
Oxidation, indirect method using, 174
Oxidation-reduction potential (ORP), 139, 

233, 363–373
biochemical reactions in wastewater, 371
cell, 367f
chemistry, 364–366
configuration, 366–368
electrodes, 369
measurement electrodes, 366–368, 366f, 

367
operating theory, 363
and pH sensors, 367
portable instrument, 368
process control metric, 369–373

anaerobic digester performance, 
372–373

biological nutrient removal, 369–371
oxidative disinfection processes, 

371–372
value ranges, 370f

Oxidation state, 364, 365
Oxidative disinfection processes, 371–372
Oxidizing, 363
Oxidizing agents, 371
Oxygen

and aeration, 152–153
exposures symptoms, 339t
gas sensors, 338–340
partial pressures, 314
profile measurements, 67t

Oxygen deficiency, 338
Oxygen depletion, 5
Oxygen enrichment, 339
Oxygen reactive species, 174
Oxygen-rich air, 312
Ozone, 153, 173, 174

P
Packed bed wet scrubber system, 163, 167, 

168, 169f
Paddle wheel meters, 253
PAOs. See Phosphate-accumulating 

organisms (PAOs)
Parentheses, 528–529
Parshall flume, 235, 236, 239, 241, 241f

using ultrasonic device, 250f
Partial pressure, of oxygen, 314
Parts per million (ppm), 336
Pathogenic, 341
Pathogens, 2
PDCA. See Plan, Do, Check, and Act (PDCA)
Peracetic acid, 7
Percentages, 532–535, 533t
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Percolation systems, 98
Performance evaluation, 429, 431–434
Performance records, 456
Permeability, 261
Permeable, 280
Permeate, 22, 24
Permit-required confined space, 218
Personal protective equipment (PPE), 155
Per square inch differential (PSID), 261
pH, 7, 230–289

aeration basin, 288f
buffer solutions, 284
calibration procedures, 284–285
chemistry, 276–279
control, 153–154
effect on hydrogen sulfide sulfide 

equilibrium, 125f
electrode configurations, 286–289
electrodes, 280, 284
measurement, 276–289, 286f
portable, 287f
scale, 276f, 279
wastewater, 126

Phone screen, 425
Phosphate-accumulating organisms 

(PAOs), 369
Phosphorus, 54, 82
Phosphorus removal systems, 21
Photodetector, 386
Photodiode, 323
Photoionization process, 173–174
Photosynthesis, 27
Physical–chemical methods, 21
Physical control, 105
Physical harm, 436
Physical odor treatment process, 154–155
Physical records, 455
Physical security, 502–505
Pictogram, 492
PID. See Proportional and integral 

derivative (PID)
Piezometer, 255

internal components of, 256f
Piezoresistive effect, 255, 265f
Pipe flow systems, 235
Pipe-integrated thermal mass flowmeters, 

306f
Pipes, 128–129
Plan, Do, Check, and Act (PDCA), 417–418, 

418f
Planning, 403, 406–409

core elements, 408f
crisis communication and, 482–484
problem-solving pathways, 413f, 414f
process, 407
resilience through, 499–514
staffing, 423
types, 407–409
workforce, 420f

Plant and system records, 457–458
Plant effluent, 31, 56, 60, 73
Plant maintenance, 37

Plant operations data, 455–456
Plastic pipe laterals, 113
Platinum, 267

RTD sensors, 269f
PLCs. See Programmable logic controllers 

(PLCs)
Plugged junction, 280
Pneumatic actuator, 232, 232f
Pneumatic systems, 373
Pneumatic valve actuator, 377f
Polarization, 294, 295
Polarographic Clark sensors, 320
Pollutants, 120
Polymer injection system risk assessment, 

472–473
Polymers, 84, 384
Polystyrene filter media, 264f
Polyvinyl chloride (PVC), 129
Pond effluents, 71f
Pore volume, 183
Porosity, 183, 280
Porous junction, 280
Portable activated carbon odor control 

unit, 157
Portable devices, 286, 287
Portable gas meters, 331–332
Portable handheld turbidity meters, 

387–389
Portable ORP instrument, 368f
Positive displacement compressors, 375, 

376f
Positive displacement pumps, 264, 374f
Positive temperature coefficient (PTC), 

266, 267
Potable reuse program, 48, 88–93

direct potable reuse, 92–93
indirect potable reuse, 90–92
regulations, 89–90

Potable water, 24
Potassium chloride (KCl), 280
Potassium permanganate impregnation, 

159
Potential energy, 574
POTWs. See Publicly owned treatment 

works (POTWs)
Power, 573–578
Power, pumps, 587–592

horsepower, 588–592
inefficient systems, 591f
watts, 592

PPE. See Personal protective equipment 
(PPE)

PPI. See Producer Price Index (PPI)
ppm. See Parts per million (ppm)
Preaeration, 15, 131, 132
Pre-apprenticeship programs, 419
Precautionary statements, 492
Prediction equations, 640–645
Predictive maintenance, 274, 461
Pre-employment inquiries, 426t–427t
Pre-humidification system, 180
Preliminary treatment processes, 15, 17

odor generated in, 131
troubleshooting guide, 132f

Premade primary standards, 384
Prescreening interview, 425
Presentation, 615–645
Present worth, 450
Pressure, 564–573

and output signal, 201f
Pressure filters, 22
Pressure head equation, 575
Pressure-sensing technologies, 255–265

applications and types, 256–265
differential pressure sensors, 261–263, 

262f
dry pressure sensors, 256–261, 258f
pressure switches, 263–265
submersible pressure sensors,  

256–261, 257f
operation, 255–256

Pressure sensors, 255
wastewater treatment facilities, 257f

Pressure switches, 263–265
Pretreatment program, 12
Preventive maintenance programs, 38, 274, 

275, 451
Primary standards, 384
Primary treatment process, 5, 17–18

odor generated in, 131–133
troubleshooting guide, 133f

Probationary period, 429
Problem-solving skills, 412–415
Process automation, 198–215

automation system components, 
199–202

field device, 199–202
programmable logic controllers, 202

control strategies, 206–215
output devices, 202–206

Process control, 105
instrumentation, 359–363

amperometric instruments, 360–361
colorimetric analyzer, 361–363

tests, 59
Process performance, 159
Process variable (PV), 198, 211
Procurement records, 456
Producer Price Index (PPI), 454
Professional operators, 619
Programmable logic controllers (PLCs), 

199, 200, 202
rack system, 203f

Proper calibration, 297
Proportional and integral derivative (PID), 

213–215
Proportional and integral (PI) terms, 213
Proportional control, 353–357
Proportional controller, 212, 213

characteristic, 213
Protozoa, 341
PSID. See Per square inch differential 

(PSID)
Psychological harm, 436
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PTC. See Positive temperature coefficient 
(PTC)

Publicly owned treatment works (POTWs), 
10

Public notification requirements, 484
Public outreach program, 188–189, 

478–498
Pulse width modulation (PWM), 222
Pumps

characteristics, 597–599
efficiency vs. capacity, 599f
energy losses, 611–615
friction, 611–615
head, 592–597
head vs. capacity, 598f
performance, 600–609

capacity, 600–601
efficiency, 602–609

power, 587–592
pressure (metric), 585–587
pressure (US Customary Units), 584–585
speed–performance relationships, 

609–611
work, 587

Purchase order, 456
Putrescible, 137
PVC. See Polyvinyl chloride (PVC)
PWM. See Pulse width modulation (PWM)
Pythagoras’ Theorem, 543

R
Radioactive wastes, 5, 7
RAMCAP process. See Risk Analysis and 

Management for Critical Asset 
Protection (RAMCAP) process

Range, 620
Ransomware attacks, 507t
Rapid infiltration basins (RIBs), 87
Rapid infiltration (RI) systems, 98, 101
RAS. See Return activated sludge (RAS)
Rate of change term, 214
Ratepayers (customers), 481
Raw wastewater

lagoons, 28
solids composition in, 8f

RBCs. See Rotating biological contactors 
(RBCs)

Reactive maintenance, 274, 451
Reactive oxygen species (ROS), 173, 174
Reading charts, 617–618
Receiving waters, 2, 48, 59

measurements, 59–60
monitoring

dissolved oxygen, 67–68
reviewing and applying sampling 

results, 68–69
temperature, 61–66

Recharge rates, 77
Reciprocating compressors, 375, 376
Recirculation water, 180

Reclaimed wastewater, 48, 77, 80, 81
for aquifer recharge, 81t
potential problem constituents in, 83t
for reuse applications, 74f, 76f
for steel mill, 85f
uses at nuclear generating station, 82

Reclaimed water, 80, 87, 88
Recognition threshold (RT), 142
Recordkeeping system, 38, 454–458
Records, 454

types, 454–455
Recreational lake level maintenance, 80
Recreation use, 76, 77f
Rectangle, 538–539
Rectangular prism, 546–548, 547f

volume, 547f
Recycled water, 48. See also Reuse, 

wastewater
Redox reactions, 320, 364, 364f, 365
Reducing, 363
Reducing agents, 372
Redundancy, 467
Reedy Creek Improvement District (RCID), 

84–87
Reference, 225
Reference electrodes, 280, 283f, 366, 367
Reference junction, 270
Reference LED, 323
Regeneration process, carbon, 161–162
Regression analysis, 640–645
Regulations, odor control, 121–123
Regulatory compliance, 554
Remote transmitter, 308
Replacement fund, 450–451
Representative samples, 60, 61, 67, 554
Request for proposals (RFP), 440
Reserve fund contributions, 444
Reservoir, 100
Resilience, 409
Resistance, 230

of valves, 612
Resistive temperature devices (RTDs), 266, 

269
elements, 304

Resource, wastewater as, 2–3
Respiration, 67
Response plan, 418
Responsibility, 410
Retentate, 22
Return activated sludge (RAS), 229
Reuse, wastewater, 73–95

applications, categories, 49t
effluent, 48, 49f
end use requirements, 77–79
equipment requirements, 79–80
industrial, 76f
levels of treatment for types, 78f
maintenance, 95
monitoring program, 94–95
non-potable, 80–87
operational strategy, 93
plans and specifications, 95

potable reuse, 88–93
reclaiming water for, 74
treatment train, 25f
troubleshooting, 93
water distribution system, 48

Revenues, 444–446
sources, 445t

Reverse osmosis (RO), 24
Revolution, 416
Ribonucleic acid (RNA), 342
RIBs. See Rapid infiltration basins (RIBs)
Right-angle triangle, 543, 543f
Ringing, proportional controllers, 213
Risk Analysis and Management for Critical 

Asset Protection (RAMCAP) process, 
510

Risk and resilience assessments (RRA), 
409, 508

Risk assessment, 470–475, 510–511
components, 511t
gravity collection system, 472, 473
influent pumping station, 471
malevolent act, 501t
matrix using likelihood and 

consequence, 471f
natural hazard, 501t
polymer injection system, 472–473
pump station, 472
summary, 472t, 473t

RNA. See Ribonucleic acid (RNA)
Rotary presses, 230f
Rotary screw compressor system, 376, 379f
Rotating biological contactors (RBCs), 311
Rotor, 252
Rounding digit, 550
RRA. See Risk and resilience assessments 

(RRA)
RT. See Recognition threshold (RT)
RTDs. See Resistive temperature devices 

(RTDs)
RTF. See Run-to-failure (RTF)
Run command, 225
Run-to-failure (RTF), 459

S
Safe Drinking Water Act (SDWA), 89
Safe Drinking Water Regulations, 453
Safety, 54–55

hazards, 41, 215–220
confined spaces, 217–219
falls, 219–220
lockout/tagout, 215–217

precautions, odor control, 155
program, 39–41

accident prevention, 40
hazards, 41

Safety data sheets (SDSs), 155, 488, 
493t–494t

Salinity, 316
Salt brine, 5
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Sampling program, 37, 61, 616
characteristics of interest, 57–58
collection, 56
equipment, 57
liquid phase, 139–140
and metering equipment, 57
odor control, 139–142
records and labels, 56–57
vapor-phase, 140–142

Sanitary sewer overflows (SSOs), 11
Saturated desiccant dryers, 379
Saturation, 67
SBR systems. See Sequencing batch reactor 

(SBR) systems
SCADA systems. See Supervisory control 

and data acquisition (SCADA) 
systems

Scaling, 288
Scatter plots, 623–624, 624f
SCFM. See Standard cubic feet per minute 

(SCFM)
Screening, 15
Screw presses, 230f
Scrubbing, 163
Scrubbing unit, 163
Scum, 18, 31, 133

blanket, 34–35
SDSs. See Safety data sheets (SDSs)
SDWA. See Safe Drinking Water Act (SDWA)
Secondary clarifiers, 30–31, 207, 392
Secondary standards, 385, 391
Secondary treatment systems, 6, 54

odor generation, 133–134
process, 18
standards, 10
troubleshooting, 135f–136f

Second-stage BOD, 21
Sedimentation. See Primary treatment 

process
Self-assessment, 417
Self-esteem, 430
Semipermeable membrane, 320
Sensitivity, 232
Sensor-based technology, 146
Sensor cap, 323
Sensor configurations, 294–297
Sensors, 198, 230–341

calibration, 340–341
compressed air systems, 373–382
flow metering, 234–254

electromagnetic meters, 242–246
open-channel flow, 239–241
ultrasonic meters. See Ultrasonic 

meters
oxidation-reduction potential (ORP), 

363–373
pressure-sensing technologies. See 

Pressure-sensing technologies
temperature, 265

conductivity, 297–298
dissolved oxygen in wastewater 

treatment, 311–327

electrical resistance, 266–269
gas flow measurement, 301–311
hazardous atmosphere detection, 

327–341
pH measurement, 276–289
thermal imaging cameras, 274–275
thermocouples, 270–274

turbidity and suspended solids, 382–393
Septage, 131
Sequencing batch reactor (SBR) systems, 

311, 392
Set point (SP), 204, 211, 212
Settleable solids, 8, 27
Settled solids, 8, 18
Settleometer, 8, 8f
Setup, variable frequency drives, 222–228
SG. See Specific gravity (SG)
Shock treatment, 153
Short-term financial planning, 409
Short-term responsibilities, 400
Shredding, 15
Shutdown procedure, 105
SI (International System of Units)

base units, 580–581, 580t
derived units, 581t
prefixes, 581t

Sidestreams, 99–100
Signal word, 492
Significant figures, 578–580

rules for, 579t
Single gas portable gas meters, 332f
Single-stage systems discharge 

compressors, 376
Skatole, 36, 148
Skewed distribution, 621, 622f
Skunk odors, 148
Slow mixing, 21
Slow rate (SR) systems, 98
Sludge age, 382
Sludge deposits, 5
Sludge digestion, 31, 137, 153

cross section, 34f
dewatering process, 33f
drying bed, 35f
processing, 32f

Slugs, 336
Social media channels, 505
Sodium bisulfite, 17, 19, 372
Sodium carbonate, 83
Sodium chloride (NaCl), 290
Sodium hydroxide (NaOH), 171, 365
Sodium hypochlorite, 152, 164, 350

caustic and, 165
and chlorine gas, 371
hydrogen sulfide and, 171
injection pump, 210

Sodium permanganate, 159
Sodium sulfite method, 327
Soil moisture, 101, 103t
Solids

disposal, 31–35, 32f, 33f
handling facilities, 134, 137, 138f

handling systems, 31–35
in raw wastewater, 8, 8f
reuse, 31–35
types, 8–9
in wastewater, 7–9

Solids accumulation, 5
Solids-contact clarifier, 83f
Sonic industrial imager, 381f
SOUR. See Specific oxygen uptake rate 

(SOUR)
Source control, 149–150
Source light, 386
Special-interest groups, 482
Specific gravity (SG), 551–552
Specific oxygen uptake rate (SOUR), 326
Specific weight, 551–552
Speed–performance relationships, 609–611
Speed reference, 225
Sphere, 545f

area, 545–546
volume, 550

Spray chambers, 163
Spray irrigation preparation tasks, 102t
Spray irrigation system, 110f–112f
Spreadsheet-based systems, 458
Spreadsheet program, 467
Sprinkler systems, 96, 106
SRF programs. See State revolving fund 

(SRF) programs
SSOs. See Sanitary sewer overflows (SSOs)
Stabilization, 6
Stabilization lagoons (ponds), 28f, 134
Staffing, 421–422

planning, 423
Staff, job duties for, 410t
Staff-level communication, 478
Stakeholders, 615

communications, 479, 481–482
Standard cubic feet per minute (SCFM), 

304
Standard deviation, 629, 630, 632
Standards, 284
State laws, 489
State revolving fund (SRF) programs, 453
Static head, 574
Steel mill wastewater, 84t
Stem-and-leaf plots, 621–623, 623f
Sterilization, 18–19
Stock solutions, 557
Storage reservoirs, 105
Stored energy, 574
Stormwater collection system, 13
Stratification, 332
Stream surveys, 60
Stripped odors, 152
Stripping, 134
Submersible instruments, 359
Submersible sensor, 387

nephelometric turbidity sensor, 388f, 389f
pressure sensors, 256–261, 257f

Subsurface irrigation systems, 54
Subsurface leach lines, 54
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Subtraction, 524
addition and, 525

Sulfate concentration, 127
Sulfur compounds, 123–125

organic reduced, 123
Sulfur dioxide, 19, 154–155

gas sensor, 337–338
Sulfuric acid, 83, 155, 172
Supernatant, 34
Supervisor training, 431
Supervisory control and data acquisition 

(SCADA) systems, 37, 204–205, 205f, 
210, 224, 234–235, 299, 443

Surface discharge system, 59
Surface irrigation systems, 98
Surface-mounted mechanical aerator, 312f
Surface waters, 48

Florida, 50t–53t
Suspended solids (SS), 5, 8, 57, 82, 233

measurement, 390–393

T
Tangential flow membrane filtration, 22
Tax revenue, 444
TDH. See Total dynamic head (TDH)
TDS. See Total dissolved solids (TDS)
Temperature, 130, 317

measurement program, 61–66
metric system, 583
scales, 583f

Temperature–resistance profile, 267
Temperature sensors, 231f

electrical resistance, 266–269
pH measurement, 276–289
resistance, 230
thermal imaging cameras, 274–275
thermocouples, 270–274

Terrorist attack, 502
Tertiary treatment processes, 20–27

advanced oxidation processes, 20f, 
25–27

denitrification, 21
filtration, 22
membrane filtration, 22–24
nitrification, 20–21
phosphorus removal systems, 21
purpose, 20
total dissolved solids removal, 24
total suspended solids removal, 21–22
of wastewater, 20

Testing, 616
Thermal imaging cameras, 274–275

electrical service panel with, 275f
motor viewed with, 266f

Thermal mass flow measurement, 301–311
actuators, 311
flow conditioners upstream, 308f
insertion style, 305, 306f
pipe-integrated, 306
switches, 309, 311

Thermal odor treatment processes, 
185–186

Thermal resistors (thermistors), 266, 267, 
267f, 269

Thermal wastes, 5, 7
Thermistors. See Thermal resistors
Thermocouples, 270–274

cutaway views of, 272f
different metals, 270f
physical properties, 271f
types, 273
ungrounded, grounded, and exposed 

measurement junctions with, 273f
THMs. See Trihalomethanes (THMs)
Threat likelihood, 510
Titanium dioxide, 25
TMP. See Transmembrane pressure (TMP)
TOC. See Total organic carbon (TOC)
Top-down approach, 477
Total chlorine, 351
Total dissolved solids (TDS), 24, 299–300
Total dynamic head (TDH), 598
Total organic carbon (TOC), 9, 25
Total solids, 8
Total suspended solids (TSS), 21–22, 234, 

382
Toxic, 5, 233
Toxicity, 338
Toxic substances, 185
Tracking BOD loading, 637–640
Tracking systems, 425
Training, 430
Train operators, 496
Transit meters, 249–250
Transmembrane pressure (TMP), 311
Transmitters, 247, 330f
Transparent systems, 478
Trapezoid, 540f
Triangle, 539–540
Triangular prism, 548, 548f
Trickling filters, 134, 311
Trihalomethanes (THMs), 342
Trinity River basin, 91, 91f
Troubleshooting operating procedures, 

70–72
spray irrigation system, 110–112

TSS. See Total suspended solids (TSS)
Tuberculation, 469
Turbidity, 382–389, 383f
Turbidity meters, 382, 383f

calibration, 384–385
flow-through, 386–387, 386f
instrument configuration, 385–389
portable and laboratory units,  

387–389
submersible sensor, 387

Turbidity units, 383
Turbine-style mechanical flowmeters,  

253f
2-electrode conductivity sensors, 295f
Two-week BOD measurements,

619t, 620t

U
Ultimate effluent discharge method, 31
Ultrafiltration (UF) membranes process, 24
Ultrasonic meters

doppler flowmeters, 246–248
level-sensing devices, 250–252
mechanical flowmeters, 252–254
Parshall flume using, 250f
transit meters, 249, 249f

Ultraviolet (UV), 233
disinfection systems, 342–346, 345f

dosing control strategy, 348–350
intensity sensors, 346–347
intensity set point, 348–349

lamp assemblies, 19f, 344f
light, 17, 19, 343f
oxidation process, 173

Underground discharge systems, 54
Underground injection systems, 54,  

76f, 77
wastewater reclamation processes used, 

81f
Ungrounded measurement junction, 273f
Units

area. See Area
concentration, 552–558
density, 551–552
distance, 536–537
flow rate, 559–564
force, 564–573
head, 573–578
length, 536–537
mass, 550–551
power, 573–578
pressure, 564–573
specific gravity (SG), 551–552
specific weight, 551–552
velocity, 559–564
volume. See Volume
weight, 550–551
work, 573–578

Unit process combinations, 79t
Untreated domestic wastewater, 491,  

491t
Uplift force, 572
Urban water cycle, 3–4, 4f
US Environmental Protection Agency 

(EPA), 10, 400
User interface module, 222

variable frequency drives with, 223
Utility manager, 400, 421

annual report, 488t
core responsibility of, 400
cost categories, 442t
functions, 403–406, 404f

organization, 409–412
planning, 406–409

well-managed utility attributes, 407f
workforce development, 405

UVT. See UV transmissivity (UVT)
UV transmissivity (UVT), 345, 346
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V
Vacuum chamber

flux chamber and, 141f
odor sampling equipment, 141f

Vacuum collection systems, 14
Valves, 130

actuator, 204f
resistance, 612f
types, 231

Vapor phase
hydrogen sulfide monitoring, 145f
odor treatment, 130–131, 154–186

biological processes, 176–185
carbon disposal/regeneration, 

161–162
chemical processes, 162–175
physical process, 154–155
process components, 155–159
process performance, 159
safety precautions, 155
thermal processes, 185–186

sampling, 139–142
Variable expenses, 441
Variable frequency drives (VFDs), 202–203, 

207, 220–230
acceleration and deceleration rates, 224
dewatering systems use, 230
forward and reverse function, 228
installation, setup, and operation, 

222–228
internal components, 222
I/O functions, 224–228
and magnetic starters, 221f
operating principles, 221–222
small-horsepower, 222f
with user interface module, 223f
wastewater applications, 228–230

Variations, 616
control systematic, 617–618
moving averages, 633–634
and standard deviation, 629, 632
using equivalent formula, 631

Velocity, 559–564
Vents, 130
Venturi meters, 57, 72
Vertical assets, 466, 467

inventory, 469
Virgin activated carbon, 157, 159
Visible floating substances, 60
VOC. See Volatile organic compounds 

(VOC)
Volatile acids, 369
Volatile fatty acids (VFAs), 126, 147
Volatile organic compounds (VOC), 126, 

147, 154, 161
Volatile sulfur compounds, 154
Voltage signal, 200
Volume, 546–550

cone, 547f, 549–550
cube, 546, 547
cylinder, 549

metric system, 582
rectangular prism, 546–548, 547f
sphere, 550
triangular prism, 548

Volumetric emission, 140

W
Walt Disney World Resort (WDW), 85, 86, 

87
WAS. See Waste activated sludge (WAS)
Waste activated sludge (WAS), 232
Waste stabilization lagoons, 28
Wastewater. See also Wastewater treatment

applications, 228–230
characteristics, 131
collection and transportation, 12
collection pipes, 13
components, 4–9
conveyance systems, 12–14
definition, 2
discharge and reuse facilities, 55
land disposal, 96
lift station operation, 209
nitrogen in, 126
operators, 375
organic content, 9
reclamation processes, 54, 81f,  

82f, 85f
removal efficiencies, 85t–86t
as resource, 2–3
reuse system treatment train, 25f
sector, 506f
solids in, 7–9
sources and treatment, 84t
and stormwater collection systems, 13
sustain biochemical reactions in, 371t
treatment, 2
in Trinity River basin, 91f
urban water cycle, 3–4, 4f

Wastewater collection systems, 4, 12–14, 
84

contributors to, 13f
odor control, 36, 120, 126–130
profile, 14f
quick management evaluation of, 402t
types, 12–14
water and, 459f
working in, 39

Wastewater reuse. See Reuse,  
wastewater

Wastewater treatment, 4, 15–17. See also 
Wastewater; Wastewater treatment 
plants

advanced methods, 17
advanced oxidation processes, 25–27, 

27f
Clean Water Act (CWA), 10–12
conductivity and, 298–301
disinfection process, 18–19
dissolved oxygen in, 311–327

effluent discharge, reclamation, and 
reuse, 31–36

electrical power, 37
facilities, 257
filtration processes, 22
goal and benefit, 3
instrumentation control, 37
lagoon systems, 27–29
maintenance program, 37–38
math assignment, 41–42
membrane bioreactor processes, 29–31, 

30f
membrane filtration processes, 22–24
preliminary treatment processes, 17
primary function, 8
primary treatment process, 17–18
principal objectives, 6
processes, 5, 15
safety program, 39–41
sampling and laboratory analysis, 37
secondary treatment process, 18
tertiary treatment. See Tertiary treatment 

processes
Wastewater treatment plants, 2, 48. See 

also Wastewater treatment
effluent discharge. See Effluent 

discharge
odor control in, 130–139
operators, 13, 198
process control, 232
reuse, wastewater, 73–95
treatment process flow diagram, 16f

Wastewater utility management. See also 
Utility manager

changes and challenges, 412–418
decision making process, 415
organizations and culture, 416–418, 

417f
problem-solving skills, 412–415, 413f, 

414f
revolution and evolution pathways, 

416f
communications and public outreach, 

478–498. See also Communication 
system

contracting for work, 438–441
effective management, 400–403
employment policies and procedures. 

See Employment policies and 
procedures

finance and funding. See Finance and 
funding

information management and 
recordkeeping, 454–458

manager’s functions, 403–406,  
404f

onboarding, 428–429
qualifications profile, 423–424
resilience through assessment and 

planning, 499–514
screening and evaluating candidates, 

424–428
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Wastewater utility management (continued)
staffing, 421–422

planning, 423
workforce development, 419–421

analysis, 422–423
Water

friction loss for, 613f
ionization of, 276–277
lifting, 593f
pressure in container, 565f
quality monitoring schedule, 94t
quality surveys, 60
resilience framework, 509f
reuse, 48, 49
sector specific plan (SSP), 499
security partners in, 506f

Water distribution system, 48, 502
Water hammer, 220
Water horsepower (WHP), 589, 592, 604
Water Infrastructure and Resiliency 

Finance Center (WIRFC), 446
Water Infrastructure Finance and 

Innovation Act (WIFIA) program, 
453

Water molecule, 276
Water monitoring receiving program, 60
Water power (WP), 606
Water pressure

in container, 565f
in tank, 575f

Water quality-based permitting, 10
Water-regenerable carbon, 162
Water resource recovery facility (WRRF), 2, 

86, 87
Watts, 577, 592
Weight, 550–551, 564f

equivalents, 582t
metric system, 582

Weir, 18
Well monitoring program, 113t
Wet chemical scrubbers systems,  

163–170
components, 165, 167
packaged, 166f, 167t
process flow diagram, 165f
troubleshooting procedures, 169

Wet well, 206
WHP. See Water horsepower (WHP)

WIFIA program. See Water Infrastructure 
Finance and Innovation Act (WIFIA) 
program

Wire-to-water
efficiency, 591, 603, 604, 607–608
power delivery system, 604f, 608f

WIRFC. See Water Infrastructure and 
Resiliency Finance Center (WIRFC)

Work, 573–578
Workforce development, 405,  

419–421
analysis, 422–423
planning, 409, 420f
problem-solving steps, 419–420

Workplace violence, 436
Work, pumps, 587
Written communication, 485–488
WRRF. See Water resource recovery facility 

(WRRF)

Z
Zeolite, 159
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