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Index 

Abrupt/sudden expansion, 263-264, 
270 

Absolute pressure, 19, 31, 58, 72-74 
Absolute temperature, 19 
Absolute viscosity, 39, 42, 61 
Acceleration 

calculating, when velocity field is 
specified, 133-134 

centripetal, 133 
convective and local, I 34 
defined, 132, 160, 162-163, 560 
gravitational, 12 
mathematical description of, 133 
moving objects and, 229-230 
ply sical interpretation of, 132-133 

Acccl ration field, 541 
Accumulation 

mass, 192 
momentum, 214-215, 235 

Action force, I1 
Adhesion, 56 
Adiabatic process, 39, 413, 414 
Advance ratio, 459,462 
Adverse pressure gradient, 156, 157 
Airfoils 

drag and lift on, 339-342 
sound propagation, 405 

Airplanes 
drag and lift on, 353 
Mach number for, calculating, 406 
total temperature calculation, 408 
wind tunnel applications, 289 

Algebraic equations, 197 
Alternate depths, 503 
Analytical fluid dynamics (AFD), 531 
Anderson, J., 312 
Anemometers 

cup, 433 
hot-wire or hot-film, 433-434 
laser-Doppler, 434-435 
vane or propeller, 432-433 

Angular momentum equation, 
231-234 

Apron, 514 
Archimedes' principle, 96 
Area-averaged velocity. See mean 

velocity 
Arguer, 2 
Argument, 3 
Atmospheric pressure, 71-72 
Attached flow, 131, 161 
Automobiles 

drag and lift on, 343, 344, 357 
model tests for drag force on, 

298-299 
Average shear stress coefficient, 

317,318 
Avogadro's law, 18 
Avogadro's number, 19 
Axial-flow pumps, 462-466, 488 
Axisymmetric bodies, drag 

and, 325 

Barometers, 81-82 
Bernoulli equation (in calculations) 

inviscid and irrotational flow, 171 
inviscid flow, 263 

Bernoulli equation (theory) 
accurate model, 14 7 
compared with the energy 

equation, 263, 277 
continuity equation and, 186-187 
derivation of, 140-141 
examples, 138-139 
head form, 141 
inaccurate model, 147 
irrotational form, 154 
physical interpretation-energy is 

conserved, 141 
physical interpretation-velocity 

and pressure vary, 142 
pressure form, 141 
summary of, 143 

Best hydraulic section, 499 
Bingham plastics, 5 I 
Blasius solution, 3 14,533 

Blood flow 
in human body and related 

medical fluid machines, 
389-390 

Bluff body, 347 
Body(-ies) 

defined,7,31 
floating, 98- IO I 

Body-as-a-particle, 7-9, 31 
Body force, 11, 209, 234 
Boundary, 61 
Boundary conditions, 555, 562 

for Couette flow, 3 I 0 
for Poiseuille flow, 346 

Boundary layer 
calculations with, 316-319 
description of, 312-314 
laminar, 3 17 
mixed, 317-318 
thickness of, 3 16, 346 
tripped, 318 
velocity profiles in, 314-315 

Boundary, system, 37 
Bourdon-tube gage, 82 
Boyle's law, 18 
Buckingham p theorem, 282-283, 

301 
Bulk modulus, 44-45 

of elasticity, 41 
Buoyant force, 95-98 

as common fluid force, 48 
defined, 95 
equation, 95-96 
floating bodies, 98-101 
immersed bodies, 98 

Capillary action, 56 
Capillary repulsion, 56, 58 
Capture area, 484-486 
Cardiopulmonary bypass 

pumps, 390 
Cartesian components, 125 
Cartesian coordinates, 534-535, 551 



__ Index _ 

Cavitation, 194-196 
benefits of, 195 
defined, 194 
degradation from, 194- 195 
sites, identifying, 195- 196 

Center of buoyancy, 98-99 
Center of pressure (CP), 87-90, 102 
Centrifugal compressors, 474-476 
Centrifugal pumps, 384--385, 

466- 468 
Centripetal acceleration, 133 
Centroid, 88 
Channel, 311-312 
Characteristic curves, 463 
Charles's law, 18 
Chemical energy, 248 
Chezy equation, 496, 498 
Circulation, 334-336, 389 
Claim, 3 
Closed system (control mass), 125, 

180-182, 184, 197, 250, 251 
Coefficient(s). See specific 

coefficients 
Coefficient of drag, 322-323, 343, 347 
Coefficient of lift, 305, 336 
Coefficient of velocity, 439 
Colebrook-\\'hite formula, 372, 374 
Combined head loss, 378-382, 

397- 400 
Component head loss, 363, 390, 391 
Compressible flows/fluids, 333-334, 

402-429 
density, 409 
drag and, 333-334 
isentropic, through a duct with 

varying area, 416-426 
kinetic, 410 
Mach number relationships, 

407-411 
normal shock waves, 411-416 
speed of sound, 402-406 
temperature, 408--409 
wave propagation, 402-406 

Compressors, centrifugal, 474-476 
Computational fluid dynamics (CFD), 

281, 531, 552-556, 562 
computer programs (codes), 553 
examples of, 556-559 
features of, 554-556 
importance of, 552 
validation and verification, 556 

Conduit force balance equation, 
364, 390 

Conduits, defined, 359, 390 
Conduits, flow in 

centrifugal pumps, 384-385 
dassil)ing the llow, 359-362, 390 
developing vs, fully developed, 

361-362 
entry or entrance length, 361 
flow problems, strategies for 

solving, 396-397 
head loss, 378-382 
laminar flow in round tubes, 

365-370 
laminar vs. turbulent, 359-361 
nonround, 365 
parallel pipes, 386 
pipe head loss, 390-391 
pipe networks, 386-389 
pipe sizes, specifying, 362-363 
stress distributions in pipe flow, 

365-366 
turbulent flow, 370-374 

Conjugate depth, 513 
Conservation of energy, 270, 272 
Conservation of mass. See Continuity 

equation 
Consistent Unit Rule, 23, 24 
Constant density, 44, 61, 78-79, 547 

assumption, 44, 54 
Constant velocity, 227 
Continuity equation (in calculations) 

algebraic form, 197 
differential equation form, 561 

Continuity equation (theory), 
186-187, 561 

applications, 187-194 
Bernoulli equation and, 195, 223 
conservation form, 542--544 
constant density, 547 
cylindrical coordinates, 535-537, 

545 
derivation, 186, 542-544 
differential form, 542, 56 I 
invariant notation, 546 
modeling, 561 
nonconservation form, 544-545 
physical interpretation of, 186-1 87 
pipe flow form, 188, 192 
summary of, 547 

Continuum assumption, 9-10, 31 
Control mass (closed system), 180 
Controls in open channel flow, 

493-494, 522, 524 
Control surface (CS) 

defined, 197 
transport across, 183-184 

Control volume (CV) (open system) 
compared to closed system, 

180-182 
conservation of energy and, 

250-251 
description of, 180-182 
linear momentum equation for 

stationary, 217-226 
Control volume approach 

closed system (control mass), 251 
open system (control volume), 

180-182, 251 
properties, intensive and 

extensive, 182-183 
Reynolds transport theorem, 

184-186, 197 
transport across control surface, 

197 
Convective acceleration, 134, 161 
Coronary circulation, 389 
Couette flow 

and viscosity equation, 52-5-4 
and viscous flow, 349-350 

Critical depth, 504 
Critical flow, 505-508 

flumes, 507 
Critical mass flow rate, 421 
Critical pressure ratio, 422-423 
Critical thinking (CT), 1-4 

defined, 2 
how to, the standard structure, 4 

Cross, H., 387, 388 
Culverts, uniform flow in, 499-502 
Cup anemometers, 433 
Curved surface 

hydrostatic forces, 94-95 
pressure force on, 92-94 

Cyclist, drag on a, 557-558 
Cylinders, drag on, 322-323 
Cylindrical coordinates, 535-536, 

544, 551-552 

Dam spillways, hydraulic jumps on, 
514-515 

Darcy-- Weisbach equation (DWE), 
363-365,392-394,495 

Defining a term (standard structure), 4 
Deforming CV, 181 
de Laval nozzles, 418-421, 427 

flow in, 429 
mass flow rate, 421-422 



nozzle flow classification by exit 
conditions, 422-423 

shock waves in, 424-425 
truncated, 425-426 

Density, 16-17,31 
bulk modulus, 43-45 
constant, 63-64, 78-79, 547 
and constant density assumption, 44 
defined, 16-17, 31 
as fluid property, 41 
specific gravity, 43-44 
total, 409 
variable, 61, 77-78 

Depth, conjugate vs. sequent, 513 
Depth ratio, 513 
Derivatives, 14-15 
Design storm, 500 
Developing flow, 390, 560 
Diagram(s) 

free body, 54, 215 
mom·tum, 215-216 

phase, ±quid and vapor, 58 
Differential pressure, 72, 74, 79 
Dimension(s) 

prim and secondary, 26-27 
time as, 25 

Dimensional analysis 
approximate, at high Reynolds 

numbers, 296-299 
Buckingham p theorem, 282-283 
common p groups, 287-289 
defined, 282, 283 
experimental test, 302 
exponent method, 285 
model-prototype performance, 

295-296 
need for, 281-282 
open-channel flow, 492-493 
similitude, 289-292 
step-by-step method, 283-285, 301 
variables, selection of significant, 

286-287 
Dimensional homogeneity (DH), 

26,286 
Dimensionality, of flow, 129 
Dimensionally homogeneous, 27 
Direct numerical simulation (DNS), 

555,562 
Direct step method, 521 
Discharge coefficient, 439, 462-464 
Discharge (volume) flow rate, 368 

equations for, 175-177 

measuring, 437-451 
in a pipe network, 388-389 

Dividing streamline, 121 
Doppler effect, 406 
Dot product, 176 
Draft tube, 484 
Drag crisis, 324, 347 
Drag curve, standard, 327 
Drag force 

airfoil, 337-342 
automobile, 131, 298-299 
axisymmetric bodies and, 

325-329 
and boundary layer, 317-318 
calculating, 321-325 
coefficient of (See Coefficient of 

drag) 
as common fluid force, 49 
compressible flows and, 333 
on a cyclist, 557-558 
cylinder, 323-324 
defined,320 
and power, 328, 347 
on a sphere, 284--285, 328, 410 
streamlining to reduce, 332 
stress distribution and, 320-321, 

346,354 
surface roughness, 325 
three-dimensional bodies and, 

325-329 
two-dimensional bodies and, 

322-324 
Drag force equation, 321-322 
Dynamic similitude, 290-292 
Dynamic viscosity, 39, 61 

Eddy, 313 
Efficiency 

equation for, 26 I 
mechanical, 270-271 
thermal, 260 

Efflux, 184 
EGL. See energy grade line 
Electrical energy, 249 
Electromagnetic flowmeters, 

445-446 
Elevation, 70-72 
Energy, 247 

categories of, 248-249 
conservation of, 250-251 
defined, 249 
specific, 502-503 
technical vocabulary of, 247-250 

units, 248 
Energy equation 

259-260 
Energy equation ( 

251-258 
applications, 262 
compared with the B 

equation, 263, 277 
derivation of, 270 
flow and shaft work, 252- 
kinetic energy correction factor, 

253-255 
modeling, 529 
physical interpretation of, 256 
for steady open-channel flow, 

493- 494 
summary of, 257 

Energy grade line (EGL), 266-269 
Engineering 

defined, 2, 30 
drawing symbols of, 5 
fluid mechanics, 1-4, 30, 32 
notation, 14 
practice model, 6 

Engineering method, 30 
Enthalpy 

and thermal energy, 59 
total, 407 

Entry or entrance length, 361, 390 
Equation literacy, 11 
Equivalent sand roughness, 372 
Estimates. 14 
Eulerian approach, 123-125, 200 
Euler's equation, 161 

derivation of, 135-136 
physical interpretation of. 

136-137 
due to changing speed of 

article, 136-137 
normal to curved 

137 
normal to rectilinear 

streamlines, 137 
rigid body acceleration 

fluid modeling, 137-139 
rectilinear motion, 139-140 

Exact solutions, 533 
Expansion, abrupt/sudden, 263-264 

270 
Experimental fluid dynamics • 

(EFD), 531 
Exponent method, 285-286, 301 
Extensive properties, 182-183 



Fan laws, 465 
Fanning friction factor, 365 
Favorable pressure gradient, 156 
Field, 124, 160 
Fixed CV, I81 
Flat surface, 86-92 

boundary layer on, 312-314, 318 
drag force, 321-325 
power associated with, 258 
pressure force on, 48, 86-92 

Floating bodies, 98- IO I 
Flow. See also Conduits, flow in; 

Open channels, flow in; 
specific flows 

attached, I 3 I 
classification of, 422-425 
critical, 503-508 
critical mass, 421 
in de Laval nozzles, 429 
developing, 361-362, 390 
dimensionality of, 129 
gradually varied, 502, 516-522 
homenergic, 407 
hypersonic, 406 
inviscid, 130 
irrotational, 154-155, 162, 171-172 
momentum, 213-214 
multidimensional, 129 
nonuniform, 126-127, 491, 502, 523 
nozzles, 444-445 
one-dimensional, 129 
rapid, 503 
rapidly varied, 502-511 
subcritical, 503 
subsonic, 417 
supercritical, 503 
tranquil, 503 
transonic, 417-418 
uniform, 126-127, 308--310, 346, 

491, 494-502, 522 
unsteady, 127, 160 
without free-surface effects, model 

studies for, 292-294 
Flow coefficient, 439 
FLOW-3D, 553 
Flowing fluids 

acceleration, 131, 133, 151 
circular cylinders and, 156--157 
describing, 123-126, 133 
dimensionality, 129 
Eulerian and Lagrangian 

approaches, 124-125, 163-164 

inviscid, 130 
laminar, 127, 359-361, 367-370 
pathlines, streaklines, and 

streamlines, 122, 160 
regions, 184 
rotational motion, 151-153 
separation, 131 
steady and unsteady, 127 
turbulent, 127-128, 370-374 
uniform and nonuniform, 

126-127 
velocity, 333, 433, 452 
viscous, 130, 157, 308-358 

Flowing gases, 60 
Flow measurements, 430-458. See 

also Measuring; Measuring 
devices 

Flowmeters 
electromagnetic, 445-446, 45 1 
turbine, 446 
ultrasonic, 446, 451, 452, 455 
vortex, 347, 446, 451, 454 

Flow pattern, 120-122, 160 
Flow rate, 374,430 

critical mass, 421 
deriving equations for, 175 
differential areas for determining, 

179 
example problems, 178-180, 187 
mass, 177, 196, 421-422 
measuring, 437-451 
units, 175, 177, 525 
volume (discharge), 174-175 
working equations for, 177, 308 

Flow rate equations 
development of, 254, 418 
examples, 178, 197 
summary of, 178 

Flow Science, 553 
Flow work, 252-253, 270 
Fluid(s). See also Flowing fluids 

constant density assumption, 44 
defined, 7, 31, 32, 51, 70, 151, 

156, 270 
gas, 6 
ideal, 156-157 
liquid, 6 
Newtonian vs. non-Newtonian, 

50-51 
shear-thickening, 51 
shear-thinning, 51 

Fluid forces, 49 

Fluid in a solid body rotation, 157 
Fluid interface rule, 79 
Fluid jets, 217-220 
Fluid mechanics, 2, 30 

engineering modeling, 5-6 
modeling, 5-6 

Fluid properties, 37-69 
bulk modulus, 44-45 
common fluid forces, 49 
and constant density assumption, 44 
defined, 39 
looking up, 39-43 
specific gravity, 43-45 
and stress, 46-47 
surface tension, 54-59 
thermal energy in flowing 

gases, 60 
vapor pressure, 59-60 
and viscosity equation, 49-54 

Flume, 37 
Force(s). See also specific forces 

action and reaction, l l 
body and surface, 208-209 
defined, 46, 47, 95 
between molecules, 6 
relating stress to, 47- 49 
seven common fluid forces. ± 
summary of, 11, 209, 2 I 6 
transitions and, 263-265 

Force coefficient, 287, 288 
Force units, 11 
Form drag, 321, 346 
Francis turbines, 477 
Free body diagram (FBD), 76 
Free surface, defined, 299-301 
Free-surface effects, model studies 

for flows without, 292-294 
Free-surface model studies, 299-301 
Friction drag, 321, 355 
Friction factor 

Fanning compared to Darcy- 
Weisbach, 365 

laminar flow, 359-361 
Moody diagram, 372 
turbulent flow, 359-361 

Friction velocity, 315 
Froude number, 288, 492 
Fully developed flow, 361-362, 390 

Gage pressure, 19, 72-75, 87 
Gage pressure rule, 70, 87 
Gas(es) 



constant density assumptions for, 44 
defined, 6-7 
real and ideal, 18-19 
thermal energy in flowing, 60 

Gas constant, specific and universal, 
20-21 

Gas pressure change rule, 80 
Gas turbines, 457, 484 
General equation, 13 
Geometric similitude, 290, 302 
Gradually varied flow, 516-522 
Gravitational acceleration, 12 
Gravitational force, I I 
Gravity, specific, 43-45 
Grid, 554 

generation, 554 
method, 22-23 

Hagen- Poiseuille flow, 367 
Hardy Cross method, 387 
Head 

defined. I41 
piezmetric, 78, 142, 162 
pup, 256 
total, 141, 365 
' bins, 256 

Head coefficient, 462, 486 
Head loss 
component/combined, 363, 391 
detined, 270, 420 
flow problems, strategies for 

solving, 396 
in hydraulic jumps, 511-513 
laminar flow and, 326 
minor and major, 383 
in a nozzle in reverse flow, 297 
for orifices, 441-444 
pipe, 363, 382 
for sudden expansion, 263, 270, 475 
turbulent flow and, 359-361 

Heat, specific, 60 
Heat transfer, 249 
HGL. See hydraulic grade line 
Hirt, T., 553 
Homenergic flows, 407 
Hot-wire or hot-film anemometers, 

433-434, 451 
HVAC duct, pressure drop in, 383 
Hydraulic depth, 504 
Hydraulic diameter, 383 
Hydraulic grade line (HGL), 266, 271 
Hydraulic jumps, 511 

dam spillways and, 514 
depth relationships, 511 
head loss in, 513-514 
naturally occurring, 5 I 6 
occurrences of, 511 
in rectangular channels, 5 I 3 
submerged, 516 

Hydraulic machines, 75-76 
Hydraulic radius, 383, 492 
Hydrodynamic stability, 102 
Hydrogen bubble visualization, 435 
Hydrometers, 96-98 
Hydrophilic surfaces, 56 
Hydrophobic surfaces, 56 
Hydrostatic algebraic equation, 

78-79 
Hydrostatic condition, 76, 102, 112 
Hydrostatic equations, 76-81 

hydrostatic algebraic equation, 
78-79 

and hydrostatic condition, 76-77 
hydrostatic differential equation, 

77-78, 102 
working equations, 79-81 

Hydrostatic equilibrium, I 02. See 
also Pressure 

Hydrostatic pressure distribution, 88 
center of pressure, 89-90 
force caused by, 87-88 

Hypersonic flows, 406 

Ideal fluid, 156-157 
Ideal gas, 18-19, 31, 59 
Ideal gas law (IGL), 18-21, 35 

units in, 19-20 
universal and specific gas 

constant, 20-21 
working equations for, 21 

Ideally expanded nozzles, 423 
Immersed bodies, 97 
Impulse turbines, 489 
Induced drag, 339 
Induction, 18 
Inertial reference frames, 227 
Inflow, 186 
Initial conditions, 555 
Integrals, 15-16 
Integration, 187 
Intensive properties, I 82 
Internal combustion engine 

modeling, 553 
Internal energy, 60 

Intra-aortic balloon pump, 390 
Invariant notation, 538-539, 560 
Inviscid flow, 130 
lrrotational flow, 154-155, 162, 171 
Isentropic process 

compressible fluids through a duct 
with varying area, 402-406 

defined, 402 

Joule, J. P., 248, 250-251 

Kaplan turbines, 477 
k-epsilon model, 555, 562 
Kinematic properties, 39 
Kinematic viscosity, 38, 61 
Kinetic energy correction factor, 

253-255 
Kinetic pressure, 148, 410-411 
KIVA, 552, 561 
Kolmogorov length scale, 313 
Kutta condition, 338 

Lagrangian approach, 123-124, 163 
Laminar boundary layer, 3 I 7 
Laminar flow 

defined, 254 
description of, 129, 161 
discharge and mean velocity, 368 
head loss and friction factor, 368 
kinetic energy correction factor, 

253-255 
in round tubes, 367-370 
velocity profile in, 367-368 

Laminar velocity profile, 314, 370 
Large eddy simulation (LES), 

554,561 
Laser-Doppler anemometers (LDAsh 

435,452 
Length scale, 359 
Lift force 

airfoil, 337-339 
automobile, 343--345 
circulation, 334--335 
circulation combined with 

uniform flow, 335-336 
coefficient, 305(See Coefficient 

oflift) 
as common fluid force, 49 
defined, 347-348 
equation, 342 
on a rotating sphere, 336 
stress distribution and, 320-32l 



Linear momentum equation, 
212-215 

applications, 215 
for moving objects, 226-230 
for stationary control volume, 

217-226 
summary of, 215 
theory, 212-215 

Linear pumps, 476 
Liquids. See also Fluids 

constant density assumptions for, 43 
defined, 7 

Local acceleration, 134-135 
Local Reynolds number, 313 
Local shear stress coefficient, 316 
Logarithmic velocity distribution, 315 
Los Alamos National Laboratory, 553 

Mach angle, 406 
Mach, E., 333 
Mach number, 288, 289 

for airplanes, calculating, 406, 428 
area variation and, 416 
critical, 333 
defined, 406, 411 
relationships and compressible 

flows, 333, 406 
Mach wave, 406 
Macroscopic description, 6 
Magnus effect, 336 
Manning equation, 496-497 
Manning's n, 497 
Manometer, 82-85 
Marker methods, 435-436 
Mass 

defined, 10, 31 
as dimension, 25 
molar, 20 

Mass balance equation, 187 
Mass flow rate, 177, 184 

critical, 421 
de Laval nozzles and, 429 
equation, 253 

Mass units, 12-13 
Material body, 7 
Material derivative, 539--541 
Material particle, 7, 3 I 
Material properties, 38 
Math models, 6, 28--30 
Mean velocity, 169, 176, 368 
Measuring, 429-436 

flow rate, 437-451 
marker methods, 435-436 

pressure, 81-86, 108 
velocity, 148-151 

Measuring devices, 108, 450 
anemometers, cup, 451 
anemometers, hot-wire or hot 

film, 433-434 
anemometers, laser-Doppler, 

434-435 
anemometers, vane or propeller, 

432 
barometers, 81-82 
Bourdon-tube gages, 82 
flowmeters, electromagnetic, 

445--446 
flowmeters, turbine, 446 
flowmeters, ultrasonic, 446 
flowmeters, vortex, 446 
flow nozzles, 444 
hydrometers, 96-98 
manometers, 86 
orifice meters, 437,447 
piezometers, 148-151 
Pilot-static tube, 149-151 
pressure transducers, 86 
rotameters, 446-447 
stagnation (Pitot) tube, 430-436 
static tube, 430 
venturi meters, 454 
weirs, rectangular, 447-449 
weirs, triangular, 449-450 
yaw meters, 431 

Mechanical advantage, 75 
Mechanical efficiency, 260-262 
Mechanical energy, 248 
Mechanical work, 249 
Mechanics, 2, 30 
Metacenter, 99 
Metacentric height, 99 
Metric system, 14 
Microscopic description, 6 
Mild slope, 507 
Minor loss coefficient, 378-379 
Mixed boundary layer, 317 
Models (modeling), 6 

assessing the value of, 531-532 
computational fluid dynamics, 552 
continuity equation, 56 I 
defined, 6, 447 
methods for building, 529, 531 
Navier--Stokes equation, 548-551 
partial differential equations, 

533-541 
process, 528-532 

Model testing 
applications, 231-234 
approximate similitude at high 

Reynolds numbers, 296-299 
dynamic similitude, 290-292 
for flows without free-surface 

effects, 292-294 
free-surface, 299-301 
geometric similitude, 290 
model-prototype performance, 

295-296 
ship, 301 
spillway, 299-300 

MODFLOW, 553, 562 
Molar mass, 20 
Molecules, forces between, 6 
Moles, 19-20 
Moment-of-momentum equation, 231 
Momentum accumulation, 214-215, 

235 
Momentum diagram, 215-216 
Momentum equation (in calculations) 

angular momentum, 231 
linear momentum, 226 

Momentum equation (theory) 
angular momentum equation, 

231-234 
applications oflinear, 212-1! '.i 
linear, for stationary control 

volume, 217-226 
linear momentum equation, 

226-230 
Newton's laws of motion, 235 
nozzles and, 222-223 
theory of linear, 212-215 
visual solution method, 210-211 

Momentum flow, 213-214 
Moody diagram, 372 
Moving objects 

accelerating, 226-230 
constant velocity, 227-229 
linear momentum equations and, 

226-230 
reference frames, 227 

Multidimensional flow, 129 
Multiphase flow measurement, 

450-451 

Nardi, A., 28 
Navier-Stokes equation 

derivation, 308-309 
modeling, 529 
for Poiseuille channel flow, 346 



for uniform flow, 308-310 
Na vier--Stokes equation, 548-552 

Cartesian and cylindrical 
coordinates, 551 

for Couette flow, 310-311 
Net positive suction head (NPSH), 471 
Newton (unit), 12 
Newtonian fluids, 50 
Newton's Law of Universal 

Gravitation (NLUG), 11-12, 31 
Newton's Laws of Motion, 235 
Newton's second law of motion, 

208-212 
NLUG. See Newton's Law of 

Universal Gravitation 
Nomenclature, defined, 6 
Nominal Pipe Size (NPS), 362 
Non inertial reference frames, 227 
Non-Newtonian fluids, 50--51, 62 
Nonround conduits, 365 
Nonuniform flow, 126-127, 491, 502 
Norma! depth, 491 
Nora! shock waves 

def d. 427 
in le Laval nozzles, 429 
property changes across, 411-416 
in supersonic flows, 411-414 

Normal stress, 46-47 
Nozzles. See also de Laval nozzles 

applications, 241 
flow classification by exit 

conditions, 422-424 
ideally expanded, 422,424 
momentum equation and, 

208-246 
overexpanded, 423 
underexpanded, 423 

Nuclear energy, 249 
Numbers, representing, 14 

Oblique shock waves, 414 
One-dimensional flow, 129 
Open channels, defined, 491 
Open channels, flow in 

best hydraulic section, 491-492 
Chezy equation, 496 
critical flow, 503 
description of, 491-492 
dimensional analysis, 492-493 
energy equation for steady, 

493-494 
gradually varied, 502, 516-522 
hydraulic jump, 523 

Manning equation, 496-497 
rapidly varied, 502-511 
Reynolds number, 439 
rock-bedded channels, 494- 496 
steady nonuniform, 491, 502 
steady uniform, 524 
transitions, 508 
wave celerity, 510--511 

Open system. See Control volume 
Orifice meters, 437 
Orifices, head loss for, 441 
Outflow, 186 
Overexpanded nozzles, 423 

Panel, 86. See also Flat surface 
Panel force working equations, 90-92 
Parallel pipes, 386 
Partial differential equations (PDEs), 

533-541, 560 
acceleration field, 541 
approximation of, 553 
Cartesian coordinates, 534 
cylindrical coordinates, 535-536 
material derivative, 538-541 
notation, invariant, 539, 546 
operators, 539 
reasons for learning, 534 
Taylor series, 537-538 

Particle, 7-8 
Particle image velocimetry (PIV), 436 
Pathlines, 120-122 
Pelton wheel, 250 
Performance curves, pumps, 459, 463 
rr-groups 

common, 287-289 
defined,27,287 
as dimensionless groups, 283 
exponent method, 285-286 
step-by-step method, 283-285 
use of term, 317 

IT theorem, Buckingham, 282-283 
Phase diagram, water, 59 
Physical model, 6 
Piezometers, 82 
Piezometric head, 78, 80 
Piezometric pressure, 78 
Pipe head loss, 279 
Pipes. See also conduits 

bends,223-225 
continuity equation and, 174-207 
expansion, abrupt/sudden, 246, 

263, 278, 397 
forces on, 246 

head lo», 264, 27% 
network± 366- 389 
parallel, 263 
sizes, specifying, 362- 363 
stress distribution 

365-366 
Pitch angle, 462 
Pitot (stagnation tube), 149--151 169 
Pitot-static tube, 149--151, 162, 409 
Plane elementary flows, 155 
Poiseuille flow, 311-312 

in a channel, 311-312, 346 
in a round pipe, 311-312 
shear stress in a, 346 

Positive-displacement machines, 457 
Positive displacement pumps, 

476-477 
Post processor, 556, 562 
Power 

coefficient, 459, 460, 463 
defined, 249-250 
and efficiency, 270-271 
equation, 258-260, 275 
to overcome drag, 305, 337, 356 
and rolling resistance, 325, 328-329 

Power-law equation, 370 
Power law formula, 3 15 
Prandtl, L., 312, 314, 339, 371 
Premise, 3 
Pressure, 70-76 

absolute, 19, 72-75 
atmospheric, 287 
defined, 70 
differential, 72-75, 86 
fluid properties varied with, 43 
gage, 19, 73,81 
hydraulic machines, 75 
hydrostatic equations, 76-81 
kinetic, 148, 162, 287 
measuring, 81-86 
as normal stress, 46--49 
piezometric, 78 
related to the pressure force, 4 
and shear stress, 46-49 
static, 148-149 
total, 409 
vacuum, 72-75 

Pressure coefficient, 156, 411, 430 
Pressure distribution, 6 1, 87 

hydrostatic, 88 
for ideal fluid, 156--157 
sketching, 88 
uniform, 87-88 



Pressure field, 157 
circular cylinders and, 156-157 
rotating flow and, 157-160 

Pressure force 
as a common fluid force, 49 
on a curved surface, 92-95 
defined, 61 
on a flat surface, 48, 86-92 
related to the pressure 

distribution, 48 
in viscous flow problems, 308 

Pressure gradient, favorable and 
adverse, 156 

Pressure measurement, 451 
Pressure ratio, critical, 422 
Pressure scales, 7 3 
Pressure tap, 148 
Pressure transducer (PT), 86 
Pressure variation. See Euler's equation 
Pressure vessel force balance, 87 
Primary dimensions, 25 
Problem solving, 28-30 

defined, 27-30 
and math models, 28-30 
WWM, 29-30 

Process 
defined,60 
for a system, 33 

Projected area, 322 
Propeller anemometers, 432-433 
Propellers, 460-462 
Properties. See also Fluid 

properties 
defined,38,61 
intensive and extensive, 182-183 
kinematic, 34 
material, 34 
variation of, with temperature and 

pressure, 36 
Pulmonary circulation, 389 
Pump(s), 250, 389 

axial-flow, 462-466 
centrifugal, 250, 384 
curves, characteristic or 

performance, 383 
defined and types of, 245 
discharge coefficient, 463 
head coefficient, 462, 486 
mechanical efficiency, 260-262 
power equation, 258-260 
suction limitations of, 471-473 

Pump curve, 384 
Pump head, 258 

Quantity, defined, 21-22 

Radial-flow machines, 466-469 
Radial flow pumps, 488 
Rapidly varied flow, 502-511 
Rate of strain, 50 
Reaction force, 11 
Reaction turbines, 477, 481-482, 486 
Real gas, 18-19 
Reasoning, 3 
Reciprocating pumps, 476 
Reference frames, 227 
Relative roughness, 371 
Resistance coefficient, 371,496 
Resistance, power and rolling, 

328-329 
Reynolds-averaged Navier--Stokes 

(RANS) equations, 555 
Reynolds number, 293, 294 

approximate similitude at high, 
296-299 

and boundary layer, 3 I 3 
conduit flow type and, 359-360 
length scale, 360 
open-channel flow and, 492, 493 
similitude for a valve, 294 
similitude for flow over a blimp, 

292-293 
Reynolds, 0., 127,288 
Reynolds transport theorem, 180, 

184-186, 197 
Rock-bedded channels, 494-496 
Rolling resistance, 328-329, 347 
Rotameters, 446-447 
Rotary pumps, 476 
Rotational motion, 151-154, 171 
Roughness, 39 I 

drag and surface, 325 
equivalent sand, 372 
relative, 371 
sand roughness height, 3 71 
type of flow and effects of wall, 372 

Roughness coefficient, 497 
Runner, turbine, 477 

Sand roughness 
equivalent, 372 
height, 371 

Saturation pressure, 59 
Saturation temperature, 59 
Scalar equation, 161 
Scalar field, 160 
Scientific notation, 14 

Secondary dimensions, 26 
Sectional drag coefficient, 322-324 
Sequent depth, 513 
Sewers, uniform flow in, 499-502 
Shaft work, 252-253, 270 
Shear force 

and boundary layer, 312-313 
as common fluid force, 49 
defined,47 
related to shear stress, 47-49 
in viscous flow problems, 308 

Shear stress 
distributions in pipe flow, 365-366 
in a Poiseuille flow, 53 
and pressure, 46-49 
related to shear force, 47- 49 
at the wall, 316 

Shear stress coefficient, 287 
Shear stress distribution, 48 
Shear-thickening fluids, 51 
Shear-thinning fluids, 51 
Ship model testing, 30 I 
Shock waves 

in de Laval nozzles, 424-425 
normal (See Normal shock ves) 
oblique, 423 
in supersonic flows, 414-4{% 

Significant figures, 14 
Similitude, 281-307 

approximate, at high Reynolds 
numbers, 296-299 

defined, 289, 302 
dynamic, 290-292 
flows without free-surface effects, 

292-294 
free-surface model studies, 

299-301 
geometric, 290 
model-prototype performance, 

295-296 
scope of, 289-290 

Skin friction drag, 317-319, 352 
Sluice gate, 503 
Solid mechanics, 30 
Solids, 6-7 
Solver, 556, 562 
Sonic booms, 416 
Sound 

Doppler effect, 406 
speed of, 402-406 

Special-case equation, 13 
Specific energy, 502-503 
Specific gas constant, 20-21 



Specific gravity, 40, 43-44 
Specific heat, 60 
Specific speed, 469-470, 484 
Specific weight, 16-18, 31, 40 
Speed of sound, 402-406, 427 
Spheres, drag force and calculating, 

319, 321-322 
Spheres, finding p-groups 

using exponent method, 285-286 
using step-by-step method, 

283-285 
Spheres, lift on rotating, 336 
Spillways 

hydraulic jumps on dam, 514-516 
models, 299-300, 307 

Stager, R., 28 
Stagnation 

point, 121 
tube (Pitot), 149-151, 169,430 
use of term, 409 

Stall. 339 
Standard atmosphere, 72 
St±hard structure of a definition, 4 
Sta:dard structure of critical 
linking (SSCT), 4 

Staves. defined, 38-39, 62 
Static pressure, 148, 162 
Static pressure ratio, 412 
Static temperature, 408 
Static temperature ratio, 412 
Static tube, 430 
Steady flow, 127, 160 

energy equation for steady open 
channel flow, 493-494 

nonuniform, 502 
uniform, 494-502 

Steady state, 38, 6 I 
Steep slope, 507 
Step-by-step method, 283-285, 301 
Streaklines, 120-122, 160 
Streamlined body, 347 
Streamlines, 120-121, 132, 407, 427 
Stress. See also shear stress and 

pressure 
defined, 46--47, 61 
distributions and drag and lift, 

320-321 
distributions in pipe flow, 

365--366 
and fluid properties, 40-42 
normal, 45-46 
relating forces to, 47-49 

Strauhal number, 347 

Subcritical flow, 503 
Submerged hydraulic jumps, 516 
Subsonic flow, 417 
Sudden expansion, 263, 270 
Supercritical flow, 503 
Supersonic flows 

de Laval nozzles, 418-421 
diffusers, 417 
shock waves in, 4 14-416 

Supersonic wind tunnels 
de Laval nozzles and, 418-421, 427 
flow properties in, 420-421 
mass flow rate in, 422 
test section size in, 420 

Surface force, 11, 208--209, 234 
Surface roughness, drag and, 325 
Surface tension 

and adhesion, 56-59 
and capillary action, 56--59 
defined,55 
as fluid property, 41, 49 

Surface tension force, 49 
Surge hydraulic jumps, 516 
Surroundings, 37 
System(s) 

control volume versus closed 
system, 180-182 

curve,384 
defined, 37, 38, 164, 182 
types of, 125, 174 

Systemic circulation, 389 

Taylor series, 537-538, 549 
Temperature 

absolute, I 9 
fluid properties varied with, 41-42 
static, 408 
total, 408 

Term, 4 
Terminal velocity, 329--330, 357 
Theoretical adiabatic power, 4 74 
Theoretical isothermal power, 474 
Thermal efficiency, 260 
Thermal energy 

defined, 248 
in flowing gases, 60 

Three-dimensional bodies, drag and, 
325-329 

Thrust coefficient, 459 
Thrust force, 49 
Tidal bore, 5 I 6 
Time, as dimension, 25 
Time-averaged velocity, 128-129, 176 

Time steps, 555, 562 
Total density, 409 
Total enthalpy, 407 
Total head loss, 363 
Total head tube, 148 
Total pressure, 409 
Total temperature, 408 
Tranquil flow, 503 
Transition(s) 

abrupt/sudden expansions and, 
263-264 

defined,508 
forces on, 264-265 
open channel, 508-510 
warped-wall, 509 
wedge, 509 

Transition region, 3 I 3 
Transition Reynolds number, 314 
Transonic flow 417--418 
Transport 

across control surface, 183-184 
Reynolds transport theorem, 180, 

184-186 
Tripped boundary layer, 318 
Truncated nozzles, 425-427 
Turbine(s) 

defined, 247, 250, 477 
Francis, 233-234, 460, 477, 482 
gas, 484 
impulse, 477- 480 
Kaplan, 477 
mechanical efficiency, 260-262 
reaction, 477, 481-482 
specific speed for, 484 
types of, 487 
vane angles, 482-483 
wind, 484-486 

Turbine flowmeters, 446 
Turbine head, 256 
Turbomachinery, 457- 490 

categories of, 460 
compressors, centrifugal, 474--476 
defined,457 
propellers, 460-462 
pumps, axial-flow, 462-466 
pumps, centrifugal, 466--469 
pumps, suction limitations of. 

471-473 
radial-flow machines, 466-469 
specific speed, 469-470 
turbines, 477-486 
viscous effects, 473 

Turbulence modeling, 555 



Turbulent flow 
defined, 127-128, 359-360, 371, 395 
friction factor, 371-372 
Moody diagram, 372-374 
velocity distribution, 370-371 

Turbulent velocity profile, 314-315 
Two-dimensional bodies, drag and, 

322-324 

Ultrasonic flowmeters, 446 
Underexpanded nozzles, 423 
Uniform, 494-502 
Uniform flow, 155 

best hydraulic section, 499 
in culverts and sewers, 499--502 
defined, 126, 491 
Navier-Stokes equation for, 

308-310 
steady, 494-502, 522 

Uniform pressure distribution, 87, 102 
Unit prefixes, 14 
Units, 12-13, 21-27 

consistent, 23-24 
and dimensional homogeneity, 

26-27 
grid method, 22-23 
in ideal gas law, 19-20 
literacy, 21 
organized by dimensions, 

25-26 
and p-groups, 27 

Universal gas constant, 20-21 
Unsteady flow, 127, 161 
U.S. standard atmosphere, 72 
U-tube manometer, 83 

Vacuum pressure, 72-75, 102 
Validation, 556, 562 
Vane anemometers, 432 
Vanes, 220-221, 432-433 
Vapor pressure, 41, 59-60, 69 
Variable density, 61, 77-78 
Variable velocity distribution, 225-226 
Vector equation, 210-211, 235 
Vector field, 160 
Velocity 

area-averaged, 176 
Cartesian components, 125 
coefficient of. (See Coefficient of 

velocity) 
constant, and moving bodies, 

227-229 
defined, 123, 160 

Eulerian and Lagrangian 
approaches, 124-126, 163 

flowing fluids and, 123-126 
friction, 3 I 5 
mean, 176, 368 
measuring, 148-151, 430-436 
terminal, 329-330 
time-averaged, 128-129 

Velocity distribution 
logarithmic, 315 
measuring, 437 
power-law equation, 370 
turbulent flow, 370 
variable, 225-226 

Velocity field, 123-124, 160 
for Couette flow, 310-311 
for Poiseuille flow, 311-312 

Velocity gradient, 50 
Velocity measurement, 451 
Velocity profile(s) 

in boundary layer, 314-319 
defined,50 
laminar, 314 
turbulent, 314-315 

Vena contracta, 437 
Ventricular assist device, 390 
Venturi flumes, 507 
Venturi meters, 444-445 
Venturi nozzles, 146 
Verification, 556, 562 
Viscosity 

absolute, 39, 42, 61 
dynamic, 42, 61, 63 
as fluid property, 39 
kinematic, 39, 61 

Viscosity equation, 49-54 
and Couette flow, 52-54 
defined, 49 
with Newtonian vs. non 

Newtonian fluids, 50-51 
reasoning with, 51-52 
for shear stress in a Poiseuille 

flow, 53 
and velocity gradient, 50 

Viscous effects, 163,473 
Viscous flow, 130, 308--358 

and boundary layer, 312-314 
Couette flow, 310-311 
Navier-Stokes equation for 

uniform flow, 308-310 
Poiseuille flow in a channel, 

311-312 
pressure distribution for, 157 

Viscous force, 49 
Visual solution method (VSM), 

210-211, 235 
Volume (discharge) flow rate, 

174-177, 179 
Volume flow rate equation, 178, 224 
Vortex flowmeters, 446 
Vortex shedding, 331, 347, 446 
Vorticity, 153-154, 162 

Wales, C., 28 
Wales-Woods Model (WWM), 

28-30 
Wall shear stress, 316 
Warped-wall transitions, 509 
Water-surface profiles 

defined,517 
evaluation of, 521-522 
types of, 518-520 

Water turbines, 486 
Wave celerity, 510-511 
Wave celerity equation, 511 
Wave propagation, in compressible 

fluids, 402-406 
Weather, and pressure, 72 
Weber number, 288, 289 
Wedge transitions, 509 
Weight, 12, 31, 162 
Weight, specific, 16-18, 40 
Weirs 

rectangular, 447-449 
triangular, 449-450 

William P. Morgan Large Cavitation 
Tunnel, 195 

Wind loads on a telescope structure, 
predicting, 558-559 

Wind tunnels 
applications, 295 
drag force, 295-296 
momentum equation and finding 

drag force, 225-226 
supersonic (See Supersonic wind 

tunnels) 
Wind turbines, 484-487 
Woods, D., 28 
Work 

defined,249,270 
flow and shaft, 252-253 
mechanical, 249, 270 

Working equations, 21 

Yaw meters, 431-432 


