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activity, proteolytic, 292-3
added mass, 143
coefficient of, 30, 34
air supply, 258-62
annular flow, 5-9
area, equipment cross section, 4, 85, 122,
257,277

Bacillus subtilis, 292, 300, 303
Bernoulli’s equation, 81
Bessel’s equation, 96
biochemical processes, 283, 294-5
rate of, 295-8
stages of, 296-8
boundary layer
diffusion, 192, 212, 221, 223, 228, 256,
295
equations, 167, 183
around moving sphere, 183
thickness of 183, 226-7, 230, 232-5
turbulent, 159-60, 191
breakup of bubbles, 37, 38
bubble-by-bubble regime, 23, 92
bubble diameter, 35, 38-9, 76, 93, 189,
192, 193, 256, 277-8
average, 39, 40, 42-3, 197, 203
for breakup, 37
at detachment, 14
dimensionless, 19
equivalent, 186-7
mean, 54, 193
at release, 10-11
standard deviation of, 40, 42-3
bubble radius, see bubble diameter
bubble velocity
as function of bubble size, 36-7
maximum, 32-3
relative, 52
of rise, 33, 34, 148, 192, 197, 256,
277
bubbles, 5
number of, per unit of mixture volume,
193
total surface area of, 40-9

total volume of, 40-9
bubbling
slow, 51, 66-71
rapid, 51, 53-65
bubbly regime, 5, 8 (fig)
buffer layer, turbulent, 228, 231-3
buoyancy force, 93
due to turbulence, 136
effect on bubble size, 10-12, 12-17

catalyst, 252
concentration, 253
dimensionless concentration, 254
oxidation, 253
calculus of variations, 51, 55-6
cell, living, 294
cell count
initial, 295, 298
instantaneous, 294-5, 296, 298
maximum, 298
cell growth, 294-303
cell model, 150, 285
cell permeability, 285
cell radius, 285
cell spacing, 285
centers, active, 297
chain breaking, 2445
rate, 247
churn flow, 5-8
collision factor, 248
cones, liquid, 80-5
equivalent radius of, 82
conservation equation
averaged, 134
mass, 134
volume, 134
constant, phase equilibrium, 201
consumption, air, 257, 258-62
content, solid, of mixture, 130
continuity equation, 130
for bubble-liquid flow, 181
for gas, 113
for solid-liquid flow, 114
for void fraction, 67
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control volume, 221
correction factor
static liquid height, 77-8
wall, 77, 107-8
creeping flow, 124, 223

density
of active centers, 297
average relative, 77, 123, 148, 179-80
as function of Froude number, 61, 65
gas, 4
liquid, 4
of mixture, 130
diameter, reactor, 277
diffusion
of oxygen, based on equipment volume,
286-7, based on system volume, 256
unsteady, to a biological particle, 286
diffusion, eddy, 67, 159, 166-7, 191, 213,
227-9, 231-8
diffusion, molecular, 158, 177-8, 180, 186,
192, 212-5, 221-7, 228, 231, 263,
285-6
unsteady, 161-7, 192
diffusion equation, 161, 2224, 287
for a bubble-liquid flow, 181
diffusion layer, border, 159
diffusivity, 159-61, 170-1, 195-8, 206,
211-2, 221, 229, 256, 285, 287, 304—
5
dissipation of energy, 31
of bubble, 35, 36
in layer, 62, 68-9
turbulent, 29, 38, 86, 135, 141-2, 145-6,
149, 152, 220
viscous, 31, 237
distribution law for bubble diameters, 40
log-normal, 46
normal, 40
drag
form, 52
viscous, 52
drag coefficient, 20, 35-6, 52, 71, 146, 177,
235-6, 280
as function of Reynolds number, 124-5
drag force
on bubble, 20, 30, 31, 103
on droplet, 103, 146
on particle, 124
work done against, 20-5
driving force
of mass transfer, 169, 192, 196, 211, 215,
243
of process, 201
droplet diameter, 106, 146
droplet escape velocity, 109
droplet radius, 106, 146

droplet velocity
as function of size, 106-8
settling, 103
droplet-liquid flow, 145-6

eddy, turbulent, see turbulent eddy
efficiency, overall, of reactor, 267-74

maximum, 269-74
energy

balance 54

consumed in mixing, 147, 149

of bubble, 72

of eddy, 87

total, of layer, 55, 63, 68-9, 72
energy equation, 4

averaged, 134
entrainment, liquid

due to turbulence, 89-90

in mixing process, 263

from one bubble, 99-100
entrainment coefficient, 103, 116-19
entrainment of droplets, 110-12
enzymes, 284-6, 294-8

reaction rate of, 295
Euler number, 56, 115-16
exchange coefficient, turbulent, 67, 138

fermentation rate, maximum, 295
Fick’s first law, 221
film theory of mass transfer, 158, 212-13
film thickness, effective, 159, 212
flow rate
gas, 4, 10, 201, 259, critical mean, 25,
effect on bubble size, 15-18
mass, of mixture, 123
particle, 122
volumetric, 190, 263
foam, cellular, 27-8, 81
formation rate of reaction products, 266
Fourier diffusion number, 170
frequency
of gas motion in a bubble, 98
of membrane oscillations, 96-7
turbulent, 141
friction factor, 232
Froude number, 58, 85, 115-16
centrifugal, 148
effect on bubble size, 19
effect on cellular foaming condition, 28
effect on relative density, 61
effect on void fraction, 59
used to determine flow regime, 51

Galileo number, 170-6, 197-8
gas jet, 10, 27

formation, 80-1

transition to, 23-5
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gas velocity, 113
gravitational force
on bubble, 103
on droplet, 146
growth rate
of cell, measure of, 294-5
of microorganism, 284, 286, 290-4, 295
303
specific, 296, 299, 304-5

height
bubble layer, 277
of liquid in reactor, 277
static liquid, 55
two-phase mixture, 58, 67, 189, 192, 195,
196
Hemap apparatus, 288-92
Henry constant, 257
history term, effect on particle velocity,
126-9
homochronity number, 115-16

ideal displacement, 263-70
ideal mixing, 263-70
inertia
of added mass, 125
effect on bubbling, 12-17
inertia force, 32, 53, 117-19, 124
inertial subrange, 87, 219
ipitiation rate, 244-5
catalytic, 253-4
interface between phases, 1579, 162
interface surface area, 169, 211
total for bubble-ltquid mixture, 194

Karman, von, constant, 140
kinetic energy

of bubble, 91

of flow, per unit volume, 37

of layer, 54
kinetic rate curve for microorganism

growth, 265-6, 298-9

kinetics, enzyme reaction, 295-8
Kolmogoroff

first law, 86-8, 141

hypothesis, 138

theory, 218-19

Lagrange multiplier, 56
length, characteristic, 145, 195
length scale, Kolmogoroff, 129
liquid, chemically active, 197

macroscale of turbulence, 219

mass conservation equation, 4

mass diffusion, per unit time, 194-5, 214,
227-9

mass flow, over bubble surface, 180, 192,
256
mass flux, average, for each eddy, 162-3
mass transfer
in biochemical processes 283-6, 294-8
for bubble, 186, 192, 194
in chemical processes, 243
in dissolution of solid particles, 211
across interface, 159, 169
for particle 226-9, 229-38
mass-transfer coefficient, 159, 164-9, 185-
90, 195, 196-207
based on effective diffusing surface, 169-
80, 190, 298
based on mixture volume, 169-70, 190
fictitious, 169, 170, 189-90
overall, 211-12
for penetration models, 162-3
volumetric 169, 228-9
membrane, liquid, 93-4
rupture, 99
membrane theory, 285
microbiological processes, 283, 294, 298
model of, 283
microscale of turbulence, 219
momentum equation, 4, 131
averaged, 134
motion, equation of
for bubble, 18, 34
for gas, 113
for liquid, 113, 131
for mixture, 30, 131
for particle in turbulent flow, 125, 131,
143
motion of particle, period of, 144

Navier-Stokes equation, 113
nutrients, cell, 284

order of reaction, 278
orifice, 10, 80
diameter, 11
oscillations
of bubble membrane, 94-7
of gas in bubble, 97-8
output of reactor, 266
relative, 266-8, 270
oxidation, of liquid-phase hydrocarbons,
243-52
catalytic, 252-81
oxidation rate, 244-5, 247, 249
catalytic, 254, 2568, 258-62, 278,
280-1
dimensionless, 249-50
dimensionless catalytic, 255
maximum, 250, 255
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oxygen concentration, dimensionless, 246,
248

effect on order of reaction, 278
effect on oxidation, 254
effect on radical concentration, 251
effect on tar formation rate, 252
maximum, 257

oxygen supply process, 255-6

particle acceleration in turbulent fiow, 143—
4,150
particle diameter, 124, 152, 215-18, 224,
229, 230
particle radius, see particle diameter
particle size, see particle diameter
particle velocity
average, 122
average relative, 144
relative, 144-5, 147, 149, 150, 152, 215,
227
terminal, 133, 227
Peclet number, 177, 181, 213-14, 222-3
penetration model, 161-2, 165-6
penetration theory of mass transfer, 158,
213
period
characteristic, of motion, 32
of particle motion, 144, 150
plug flow, 263-70
potential energy of liquid layer, 54, 62,
68-9
power consumption, 29
Prandtl mixing length, 138
Prandti number, 4
pressure, effect of fluctuating, 115
pressure drop, turbulent, 29, 147
probability density
of bubble diameters, 40
distribution, of droplet escape velocities,
110
for element exposure time, 163-5
probability of an event, 109

radicals, 244-5, 297
concentration of, 246, 253
dimensionless concentration of, 251,
253-4
size of 248-9
reacting matter, concentration of, 263
reaction, initiation, 244-5
catalytic, 252-3
reaction, intracell, 297
reaction products, concentration of, 265-6,
268-70, 278-9
reaction rate constants, 244, 248
reactor, biochemical, 303-5
regimes, flow, 3-9
relaxation time of diffusion boundary layer,
186

renewal rate of elements, 163
resistance to mass flux, additivity of, 158,
169
respiration coefficient, 293
reversal point, flow, 9
Reynolds number, 5, 115-16, 167, 170,
180, 188, 190, 192-3, 21314, 219,
229, 256
centrifugal, 148
effect on bubble size, 11, 12-17, 17-19
effect on drag coefficient, 20, 22
effect on Sherwood number, 182-5,
216
and surface-active substances, 52-3
Richardson number, 139
rupture of bubble, 98-9

saturated solution concentration, 211-12
scale, eddy, see turbulent eddy size
scale of turbulence, 219
Schmidt number, 151, 234-7
effect on Sherwood number, 167-8, 170—
8, 181-3, 192, 198, 216, 229
Sherwood number, 167-8, 170-8, 180-5,
190, 192, 197-8, 216-18, 229
similarity method, 224
slug-annular flow, §
slug flow, 5, 8 (fig)
solute concentration
in bubble, 186
in bulk fluid, 159, 162, 167, 180, 186,
192, 222-4
equilibrium 181
at interface, 159, 162, 167
local, 161-2, 167, 181, 211, 222-6
sound, speed of, in gas, 97
specific gravity of foam, see density,
average relative
spray cones, 23-5
stagnation point, 224
state, equation of, 4
steric factor, 248
Stokes law, 124
Stokes number, 128
stream function, 223-5
stress
apparent turbulent, 113
Reynolds turbulent, 136
shear, 114, 131, 232
tangential, 38
stress tensor
due to particle interactions, 131
viscous, 113, 131
sublayer
diffusion, 160, 231, 234-5
inertial, 85-6
viscous, 160-1, 167, 191-2, 228,
231-5
substrate concentration, 285, 295-6
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superficial flow velocity, 3001
superficial gas velocity, 4, 6, 39, 58, 171,
176-8, 203, 256, 277, 288

effect on bubbling regime 51

effect on droplet entrainment, 112

effect on droplet trajectory, 104

effect on foaming condition, 27-8

effect on mass-transfer coefficient, 1789
superficial liquid velocity, 6, 170, 176-8
superficial particle velocity, 121-2
surface-active substances, 188, 286

effect on bubbling motion, 52
surface area

of bubble, 182

of cell, 285

of particle, 235
surface area of contact, 189, 196

as function of void fraction, 43, 46, 49

specific, 178-9, 189, 195-6, 201, 256
surface tension, 4, 82, 148, 161, 171, 188,

197, 203, 287

effect on bubble size, 10-12, 12-17

effect on flow regime, 23-5

energy of, 37, 55, 62,92, 115

force, of membrane, 93

pressure difference due to, 189

work of formation against, 20-3
suspension balance, equation of, 137

tar formation, 250-1
dimensionless rate of, 252, 257
relative dimensionless rate of, 252
turbulence
homogeneous isotropic, 28-30, 86, 141-
2, 147
longitudinal intensity of, 216
nonisotropic 220
zone of developed, 231
turbulent eddies, 28-30, 231
number of, 87-8
turbulent eddy
acceleration, 142, 149
formation time, 89
period, 142, 150
time duration at interface 161-2
time scale, 62
turbulent eddy size, 86, 141-2, 149-51, 232
energy-containing, 87
largest, 28, 130, 141, 145, 149, 192
maximum entrained, 88
smallest, 28, 88, 141, 144-7, 150-1
turbulent eddy velocity, 142, 232, 237
of small eddies, 38, 144-5
of large eddies, 30, 38, 229
turbulent energy

in particle-liquid flows, 139
transition of flow energy into, 135

turbulent energy spectrum, 86-8, 141,
150-1

turbulent motion, 86

two-phase flow, 3-9

velocity
of buoyancy, 71
characteristic, 29, 141, 145, 181, 192,
212, 215, 222
critical gas, 27
flow, 122
fluctuating, 216
free stream, 183
rms, 219
scale of turbulence, 219-20
shear, 138, 232
slip, 216-18
space, 266-70
viscosity, dynamic
gas, 177
liquid, effect on bubble size, 11
viscosity, kinematic, 4, 87, 115, 141-2, 161,
170, 183, 189, 195, 197, 206, 215-16,
231, 283
viscosity of mixture, 132
viscous force, 53
void fraction, 4, 53-4, 74-5, 148, 179, 192,
194, 197, 256, 287
average 49, 60-1, 71, 77
and flow transition, 7-8
as function of Froude number and
height, 59, 64
as function of position, 34
mean, as function of height, 68
volume
of apparatus, 169, 265
of two-phase mixture, 194

wall effect, 33, 105-8, 129
wave equation
for elastic membrane, 94-5
for fluid motion, 97
wavenumber, see turbulent eddy size
Weber number, 115-16, 171
centrifugal, 148
effect on bubble size, 19, 38
wispy annular flow, 5-8
work done
in dissipation, 135
against gravity force, 29, 135
against pressure fluctuations, 135
against surface force, 29
against viscous and turbulent stresses, 135
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