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air containment pressure,
calculated and measured, 157

air partial pressure at upper and
lower domes, calculated and
measured, 157

anisotropic media, treatment of
flow and temperature fields
in, 3

AP-600 passive containment
cooling system (PCCS)

analyses of large-scale tests for,
127, 150–158

analysis of, 170
improving and optimizing

design and performance,
150

modeling as a multiphase
problem, 152

numerical modeling for, 150,
151, 152

successful modeling of,
151–153

appropriated averaging, of two
surface velocities, 57

area averages, various, 15–17

averaging
basis for, 120
duration, 123
necessary for, 160
order of, 121
process, 1, 2, 6
relations, 12–22
time interval, 122–123

axial partitioning, used in
numerical model, 142, 143

Bernoulli equation, 6
Bernoulli relationships, for

one-dimensional flow, 7
boiling flow system, 118
Bourdon tube pressure gauge, 4
bubbles, in liquid in a tube, 118, 119
bubbly liquid, in turbulent

motion, 50
buck viscosity, 63

capillary pressure difference, 32,
33, 75

casting processes, simulation of,
171

201
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cell, averaging of neighboring
surface velocities of, 183

cell volumes, construction of, 180
characteristic length, of local

averaging volume, 21
characteristic time, of fluctuation,

164
circumferential wall temperature

distribution, 154–155
closure problem, 172–173
coherence component, for

turbulence in single-phase
fluid, 175–176

COMMIX codes
analysis of natural convection

phenomena, 149
calculated results compared

with experimental data, 127,
152–153, 154–158

calculated results from, 143
capability clearly

demonstrated, 159
capturing essential flow fields

and temperature
distributions, 128, 141–158

comparisons of streaklines and
Strouhal numbers with
experimental data, 133–134

computing detailed microflow
fields, 127, 128–140, 134

family of, 170
with LECUSSO and QUICK,

128, 134
LECUSSO scheme giving a

stable solution, 136
for single phase with

multicomponent, 125
validating, 141, 150

COMMIX computer program, 1
computational cell, evaluating

variables at the surface of, 56
computational domain,

subdividing into subdomains,
125, 169

computational mesh
representation, for LST, 151,
152

computed heat transfers, 145
condensation and evaporating

film thickness, streamwise
variation of, 158

condensation and evaporation
rates, treating as boundary
conditions, 152

condensation rate, calculated and
measured, 156

conservation equations
constitutive relations varying

with different sets of, 8
different sets of for multiphase

flow, 174
in differential-integral form,

126, 165
previously approximated as set

of partial differential
equations, 171

for two-phase flow analysis,
126

consistency, of multiphase
conservation equations, 175

constant density,
time-volume-averaged
continuity equations with,
167

constant local averaging volume,
12
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constitutive relations, for
diffusive, dispersive,
turbulent, and interfacial
transfer needing to be
developed, 172

continuity equation, 27, 28
continuum formulation, 125,

169–170
continuum mechanics, 23
contributions, of this book,

171
control volume, 181–182
convection velocity, 124
convective differencing schemes,

135
core, temperatures in good

agreement, 149
corner vortices, 136, 140
countercurrent stratified flow,

149
coupled phasic equations,

solving, 26

DBA (design-based reactor
accident), 127

dependent variables, 3, 180
derived time-volume momentum

equation, 11
derived time-volume-averaged

continuity equation, 11
design-based reactor accident

(DBA), 127
differential-integral equations, in

a parallel processors
program, 171–172

differential-integral form
multiphase flow equations in,

171

time-volume-averaged
conservation equations in,
165–166

diffusion velocity, 7
directional surface porosities

associated with stationary and
complex solid structures, 3

defined, 3, 19, 168
improving resolution and

modeling accuracy, 169
introduction of concept of, 177
reducing reliance on empirical

estimation of distributed
resistance, 10

dispersed phase, 117
dispersed systems, analysis best

suited for, 52
dissipation function, 44
distributed flow resistance,

exerted by fixed solids, 42
distributed heat source and sink,

44, 82
distributed resistance, 70, 169
distributed resistance force, 30,

71
donor flow formulation, 183
double dot, denoting scalar

product of two second-order
tensors, 36, 44

duct flow, with turbulence, 50
dynamic phases, in a multiphase

system, 121
dynamic viscosity, 63

eddy diffusivity, for internal
energy transfer, 92

Electric Power Research Institute
(EPRI), 127
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elements, of dispersed phase k,
184–187

energy equations
expressing in terms of internal

energy, 36
not independent of one

another, 167–168
enthalpy balance equation, 26, 47
enthalpy dissipation, shown in

interfacial enthalpy balance
equation, 110

enthalpy equation, for phase k, 38
enthalpy production, 110
Equation (2.4.9), physical

interpretation of, 184–187
equations, of conservation for a

pure phase, 23
Eulerian time averaging, 4, 121,

124
evaporation rate, calculated and

measured, 156
experimental observation, basics

of, 117

flotation applications for coal
precleaning, 171

flow region, 135
flow resistance, experimentally

measuring, 70
flow system

observing over time, 118
occupying a region, 12, 13

fluctuating axial velocity, time
variation in wake region, 132,
134

fluid
basic hydrostatic pressure of, 11
thermodynamic properties of, 5

fluid hydrostatics. See
hydrostatics, basic relation
of, 73, 167

fluid mixture
with phase k, 12
volume of, 13

fluid-fluid interfaces, 17, 25, 26
fluid-fluid interfacial heat

transfer, rate of, 43
fluid-fluid interfacial heat

transport, into phase k per
unit volume, 34

fluidized bed combustor
modeling, simulation of, 171

fluid-solid interface, 12, 17
fluid-solid interfacial heat

transfer into phase k, rate of,
44

fluid-solid interfacial heat
transport, into phase k per
unit volume, 34

fluid-structure interactions,
explicitly accounted for, 9

fluid-to-fluid interfacial heat
transfer rate, into phase k
per unit volume, 76

fluid-to-solid structure interfacial
heat transfer rate, into phase
k per unit volume, 76

flux-related quantities, vectorial
form, 20

formulation, consistent, 9
Fourier law of isotropic

conduction, 80, 191
fractional residence time

equal to physical volume
fraction, 4–5

of a phase, 121, 162
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FRAM, nonlinear damping
algorithm, 128, 135

gamma beam, 4
generalized multiphase

mechanics, framework of, 4
generalized porous media

formulation, concept of, 2
gravitational acceleration, 167
gravitational acceleration vector,

73

heat capacity effect, of steam
generator structures, 149

heat exchanger analysis, 127,
170

heat flux vector, 191
heat transfer

comparison between computed
and measured values, 145

multiphase flows with, 174
via phase change, 127

higher-order differencing
schemes, 137–140

high-frequency component, 49
highly dispersed flow, 6
high-order differencing schemes,

128, 137
homogeneous nonstructural fluid

medium, approximating,
16–17

horizontal partition, of secondary
cooling system, 143, 145

horizontal partitioning, used in
numerical model, 143, 144

hot legs, countercurrent fluid flow
in, 146

hot wire anemometer, 4

hydrostatics. See fluid
hydrostatics, satisfying basic
relation of, 32

ideally stratified flow, 6
impulsive motion, 50
instrumentation, characteristics

of, 4, 161–162
integral limit, changing, 71
integrals, 165
interface configurations, moving

randomly, 5
interface thickness, between two

phases assumed to be zero,
175

interface transfer integrals,
evaluation of, 173

interfaces, 1
interfacial balance equations,

25–26, 29
interfacial balance relations, 8
interfacial capillary pressure

transfer integrals, 75
interfacial dissipation integral

(VDI), 98
interfacial drag and diffusive

force on phase k, 30
interfacial enthalpy transfer

integral, 106
interfacial heat transfer, 86, 98
interfacial heat transfer integral,

82
interfacial integrals, vanishing,

11, 73
interfacial internal energy

transfer, 98
interfacial internal energy

transfer integral, 97
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interfacial mass generation rate,
of phase k, 10, 28

interfacial mass transfer integral,
58

interfacial momentum transfer
integral (MMTI), 68, 74, 115

interfacial pressure transfer
integral (PTI), 66, 74

interfacial pressure work integral,
83, 94

interfacial pressure work (PWI),
98

interfacial total energy transfer,
86

interfacial total energy transfer
integral, 86

interfacial transfer integrals, 48,
163

interfacial velocity, 52
interfacial viscous dissipation

integral, 95
interfacial viscous stress transfer

integral (VSTI), 66, 74
interfacial viscous stress work

integral, 84
interfacial work by pressure force

and viscous force, 86
internal energy, expressing

energy equation in terms of,
36

internal energy balance, 47
internal energy dissipation, 101
internal energy equation, 26
intraphase conservation

equations, 2
intrinsic area average, 15
intrinsic averages, observation

on, 53–54

intrinsic volume average, 14–15,
21

in-vessel analysis, 127, 170
isotropic conduction, 191–192

lateral velocity component, 137
LECUSSO (Exact Consistent

Upwind Scheme of Second
Order), 128, 138, 139

Leibnitz rule, 122, 123
length-scale restrictions, 18,

162–163
linear momentum equation, 29
local area average, 15
local averaging volume, 13–14,

21–22
local volume average

defining, 21
derivatives only piecewise

continuous, 22
described, 14–15
of a fluid property of phase k,

53
length-scale restriction for,

162–163
of spatial and time derivatives

of a fluid property, 17
local volume averaging

analyzing porous media flows, 5
in laminar, dispersed

multiphase flows, 4
length scale associated with,

124
of Navier-Stokes equations, 8
performed first, 26
performed on conservation

equations and interfacial
balance relations, 161
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preceding time averaging, 5,
162

time averaging in relation to,
117–121

local volume averaging theorems,
17–20

applied to continuity equation,
28

length-scale restrictions, 17
well established, 4

local volume quantities, flow and
temperature field in terms of,
160

local volume-averaged
conservation equations

for multiphase flow, 27
summary of, 41–45

local volume-averaged energy
conservation equations,
43–45

local volume-averaged enthalpy
balance equation, 41, 109

local volume-averaged enthalpy
conservation equation, 101

local volume-averaged enthalpy
equation, 38–41

local volume-averaged interfacial
balance equations, summary
of, 45–47

local volume-averaged interfacial
energy balance equation,
46–47

local volume-averaged interfacial
internal energy balance
equation, 100

local volume-averaged interfacial
linear momentum balance
equation, 32, 46

local volume-averaged interfacial
mass balance equation, 29,
45–46

local volume-averaged interfacial
total energy balance
equation, 88

local volume-averaged internal
energy balance equation, 38

local volume-averaged internal
energy conservation
equation, 90

local volume-averaged internal
energy equation, 36–38

local volume-averaged linear
momentum balance
equations, 73

local volume-averaged linear
momentum conservation
equation, 42–43, 60

local volume-averaged linear
momentum equation, 29–33

local volume-averaged mass
balance equation, 59–60

local volume-averaged mass
conservation equation,
27–29, 41–42, 54

local volume-averaged
momentum equation, 31

local volume-averaged total
energy conservation
equation, 75

local volume-averaged total
energy equation, 33–35

local volume-averaging theorems
applying to enthalpy equation,

39
applying to linear momentum

equation, 29
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local volume-averaging (cont.)
applying to phasic conservation

equations, 27
applying to terms in internal

energy equation, 36
applying to total energy

equation, 33–34
lower plenum, temperatures, 146
low-frequency component, 48,

49

main control volume, 181
mass balance, 25
mass flux vector, defined, 56, 81
mean interface enthalpy, 40
mean interface internal energy,

37
mean interface total energy, 35
mechanical work, 91, 95
mixture density, 6, 7
mixture velocity, 6
momentum balance, 25
momentum control volume, 182
momentum transfer, 69
momentum transport, test

problem of, 128–129
multiphase conservation

equations, 8
multiphase flow conservation

equations
based on a single formulation, 9
benefits resulting from

universally accepted
formulation, 9

establishing a universally
accepted formulation for, 177

need for universally accepted
formulation for, 8–11

multiphase flow equations,
formulation of closely related
to staggered-grid
computational system, 182

multiphase flow system, with
stationary and solid
structures, 13

multiphase flows
approach to turbulent,

dispersed, 8
background information about,

2–6
described, 1
describing only in some

average sense, 6
governing conservation

equations for, 3
with heat transfer, 8, 174
importance of interfacial mass,

momentum, and energy
balance for, 6

interacting phases dispersed
randomly, 160

lack of knowledge of mass,
momentum, and energy
transfer at the interface, 173

local volume-averaged
transport equations for, 2

modeling with simplified
approximations, 166

phase configurations in, 7
properties seen by an observer

at a fixed point in, 122
significance of phase

configurations, 6–7
theoretical extension of novel

porous media formulation to,
171
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time averaging disadvantages, 5
time-volume-averaged

conservation equations for, 8
turbulent, dispersed, 5

multiphase mechanics, averaging
procedure in, 117

multiphase problem, reducing
into a single phase, 152

multiphase system, identification
of a phase in, 23

natural convection patterns, 146,
147

natural convection phenomena,
141–149, 170

natural convection test, schematic
diagrams for, 141, 142

Navier-Stokes equations, 8, 161
Newtonian fluids, 63, 188
nonflow variable, control volume

for, 179, 180
nonturbulent flows, equations

for, 172
normalized lateral velocity

component, 135
normalized temperature

distribution, 153
novel porous media formulation,

168–172
computational cells

characterized by, 125
continuum and conventional

porous media formulations
subsets of, 11

contributions from exemplified
by numerous studies, 126–127

developed from single phase to
multiphase, 126

for multiphase flow
conservation equations, 8,
177

in single phase and single phase
with multicomponent
applications, 126

for single-phase flows, 170
unique features of, 174–175

nuclear reactor community,
COMMIX suite adopted by,
170

numerical simulations, of
practical engineering
problems, 169

observation window, 118, 119
order of averaging, 121
oscillation dumping technique,

agreement poor without, 138

PCCS. See AP-600 passive
containment cooling system
(PCCS)

phase change, PCCS using to
remove heat, 151–152

phase configurations in
multiphase flow, 6–7

phase interface, defining
time-averaged variables, 5

phase k, variable volume, 12
phasic conservation equations,

23–24
physical interpretation, of

Equation (2.4.9), 184–187
point variable, expressing, 163
porous media formulation, 9–11,

125, 169–170
postulates, basic, 48–53
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pressure work function vector, 79
pressurized thermal shock (PTS)

analysis, 126–127, 170
prototypic pressurized water

reactor (PWR)
analysis of natural convection

phenomena in, 127
first complete numerical

simulation for a four-loop,
149

proper design introducing
inherent and passive safety
features, 149

pure phase k, 23–24

QUICK (Quadratic Upstream
Interpolation for Convective
Kinematics) scheme, 128

failure of, 136
with an oscillation dumping

technique, 138
smaller truncation error, 139

recirculation regions, existence of
several, 135

research, future, 172–176
reversible work, in interfacial

internal energy balance
equation, 101

Reynolds analysis, of turbulent
flow, 164

Reynolds hypothesis, adopting,
50

scalar enthalpy function, 102
scalar internal energy function,

91
scalar pressure work function, 94

scalar product, of two
second-order tensors, 24, 36,
44

scalar viscous dissipation
function, defined, 95

scalar-intensive properties,
corresponding relation, 20

schematic layout, of model of the
Westinghouse experiment,
141–142

shear stress tensor, 71
shear-driven cavity flow analysis,

126, 134–137
simple time averaging, 4, 121
single-phase flow, 5
single-phase implementation,

169–171
solar energy applications,

simulation of, 171
spatial deviation

incorporation into
instantaneous point-
dependent variables, 177

of point values of dependent
variables, 10

specific heat, at constant volume,
92

speed of sound, in the mixture, 7
staggered grid, 181
staggered-grid computational

system, 179–183
steam generators, 142, 143, 144
steam mass fraction, 153
stratification, in hot legs, 146
streaklines, 130, 131
streamline pattern, for corner

vortices, 140
Strouhal numbers, 132, 133
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substantive time derivative, 58,
107

surface, appropriated averaging of
two neighboring cells of, 56

surface curvature, abrupt changes
not expected, 52

temperature distribution
calculated from the COMMIX

code, 146, 148–149
of inside and outside vessel wall

surfaces, condensation, and
evaporation film interfaces,
158

of moist air in annulus, 155
thermal energy, conversion of

mechanical work into, 44
time average, 51, 57, 58
time averaging

after local volume averaging,
164–165

as the basis of analysis for
multiphase flows, 5

on both local volume-averaged
conservation equations and
interfacial balance relations,
8

of local volume-average
momentum conservation
equation, 61

of local volume-averaged
internal energy conservation
equation, 91

of local volume-averaged mass
conservation equation, 54–55

of local volume-averaged
phasic conservation
equations, 161–168

of local volume-averaged total
energy conservation
equations, 77

in multiphase flows, 123
performing, 50
in relation to local volume

averaging, 117–121
time scale restriction in,

163–165
time averaging after local volume

averaging, 4
time scale restriction, in time

averaging, 163–165
time volume-averaged enthalpy

balance equation,
109–110

time volume-averaged enthalpy
equation

obtaining, 107–108
writing, 108–109

time volume-averaged internal
energy conservation
equation, 98–99

time-averaged interfacial mass
generation rate, 166

time-averaged interfacial total
energy source, 86

time-averaged interfacial total
momentum source, 69

time-averaged total interfacial
internal energy source, 97

time-averaged volume fraction of
phase 1, 121

time-averaging interfacial
enthalpy source, 107

time-local volume averaging, 2
time-volume averaging, 121–124,

161–162
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time-volume-averaged
conservation equations

in differential-integral form,
165–166

flux-related quantities in, 20
of mass, momentum, and

energy for multiphase
systems, 3

summary of, 110–114
unique features of, 166–168

time-volume-averaged
conservation of mass
equation, 110–111

time-volume-averaged continuity
equations, with constant
density, 167

time-volume-averaged energy
conservation equation,
obtaining, 87

time-volume-averaged enthalpy
conservation equation,
101–109, 113–114

time-volume-averaged enthalpy
energy balance equation, 116

time-volume-averaged interfacial
balance equations, summary
of, 114–116

time-volume-averaged interfacial
internal energy balance
equation, 100–101, 116

time-volume-averaged interfacial
linear momentum balance
equation, 115

time-volume-averaged interfacial
mass balance equation,
59–60, 114

time-volume-averaged interfacial
mass generation rate, 10

time-volume-averaged interfacial
momentum balance
equation, 73–75

time-volume-averaged interfacial
momentum transfer rate, 66

time-volume-averaged interfacial
of total momentum source,
115

time-volume-averaged interfacial
total energy balance
equation, 88–90, 115–116

time-volume-averaged interfacial
total energy transfer rate, 86

time-volume-averaged internal
energy conservation
equation, 90–99, 113

time-volume-averaged internal
energy equations

compared to enthalpy, 167
writing, 99

time-volume-averaged linear
momentum conservation
equation, 60–73, 111–112

time-volume-averaged linear
momentum equations, 71, 72,
167

time-volume-averaged mass
conservation equation,
54–59

time-volume-averaged
multiphase conservation
equations, 9

time-volume-averaged total
energy conservation
equation, 75–88, 112–113

TMI-2–type accidents,
preventing, 149

total energy balance, 25, 47
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total interfacial mass generation
of phase k, rate of, 42

total local volume average, 21
total time-volume-averaged

interfacial momentum
transfer rate, 68–69

transient flow, with accelerating
flow of speed, 119

transport properties,
quantification of, 173

tubular steam generator, 143, 144
turbulent flow, of suspension of

small solid particles in a gas
or liquid, 53

turbulent fluctuations, phase
interface subject to, 5

upper head, temperatures, 149
upper plenum, range of

temperatures, 149
upwind cell density, knowing

velocity at computational cell
surface, 56

velocity components, calculated
for displaced or staggered
locations of, 180

velocity distribution, 153
velocity vector

predicted, 130
for shear-driven cavity flows,

136, 138, 139
viscosity coefficients,

decomposing, 188
viscous stress tensor, for

Newtonian fluids, 63
viscous stress work function

vector, 80

viscous stresses, insignificant
relative to turbulent stresses,
65

volume, observed, 117
volume averages

of the conjugate, 65
information of, 26
of the product of dependent

variables, 48
volume averaging

leading to volume fraction of
phases, 5

preceding time averaging, 121
volume fraction

in one-dimensional flow, 119
of the phase, 121
of phase k in fluid mixture, 14

volume porosity, 2, 3, 14, 168
volume-averaged dispersive

enthalpy flux, 103
volume-averaged dispersive

internal energy flux, 93
volume-averaged dispersive

stress tensor, 62
volume-averaged dispersive total

energy flux vector, 78
volume-averaged eddy

diffusivity, 56
volume-averaged Reynolds stress

tensor, 62
volume-averaged turbulent,

dispersive enthalpy flux,
103

volume-averaged turbulent,
dispersive internal energy
flux, 93

volume-averaged turbulent
dispersive stress tensor, 62
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volume-averaged turbulent,
dispersive total energy flux
vector, 78

volume-averaged turbulent
enthalpy flux, 103

volume-averaged turbulent
internal energy flux, 92

volume-averaged turbulent total
energy flux vector, 78

volume-time averaging, versus
time-volume averaging,
121–124

Von Karmann vortex
shedding analysis, 126,
128–134

zero interfacial thickness
assumption of, 175
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