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Adiabatic efficiency
Turbine, 16
Applications
Liquefaction of gases, 2
Refrigerators, 2

Claude liquefaction process, 45
Coefficient of performance, 5, 73
Collins liquefaction process, 46
Compressor

Exergy efficiency, 13

Exergy loss, 12, 13

Graphical symbol, 12, 13

Input exergy, 13
Cooling of gases

Ideal process, 6

Linde gas cooler, 81

Mixed refrigerant processes, 81, 222

Dual mixed refrigerant LNG processes, 189

Exergy, 8
Fluid stream of, 10
Heat engine, 9
Refrigerator, 9

Exergy efficiency, 10, 13, 16, 26, 27
Compressor, 13
Compressor and aftercooler, 26
Control volume, of, 14
Definition, 13
DMR-1 LNG process, 193, 196
DMR-2 LNG process, 193, 196
Dual expander LNG process, 216
Gas cooler or liquefier, 13, 82

Generic liquefier, 26

Heat engine, 13

Kapitza liquefaction process, 40

Kapitza nitrogen liquefier, 43

Kleemenko LN2 liquefier, 242

Kleemenko LN2 liquefier with flash gas
recycle, 246

Kleemenko LNG process, 207

Linde gas cooler, 15, 82

Linde-Hampson liquefaction process, 26,
37,38

Linde-Hampson nitrogen liquefier, 36

Linde—Hampson refrigerator, 72, 73

Liquefier, 26

Liquefier cold box, 26

LNG process with a phase separator, 174,
177

Maximization, 135

Mixed refrigerant Linde gas cooler, 223

Mixed refrigerant precooled Linde—
Hampson liquefier, 232

Precooled Kapitza liquefier, 237

Precooled Linde—-Hampson refrigerator,
115

Precooled LNG process, 144, 165

Precooled LNG process with a phase
separator, 180, 184

Process with out any work interaction, 14

Propane precooled LNG process, 186

Refrigerator, 13, 72, 93

Effect of discharge pressure, 99
Reverse Brayton LNG process, 212,213
Single-stage LNG process, 159, 162
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Single-stage process for the liquefaction
of pure fluids, 229

Solvay liquefaction process, 37, 38

Turbine, 13

Exergy loss, 10-13, 15

Compressor, 12, 13
Condenser or aftercooler, 12
Evaporator, 12

Expander, 12

Gas cooler or liquefier, 13
Heat engine, 13

Heat exchanger, 12

Heat transfer, 39, 74

Linde gas cooler, 15
Linde-Hampson liquefier, 27
Phase separator, 12
Refrigerator, 13

Stream mixer, 12

Stream splitter, 12

Throttle valve, 12

Turbine, 13

Exergy utilization

Cascade liquefaction process operating
with refrigerant mixtures, 209

DMR-1 LNG process, 195, 197

DMR-2 LNG process, 195, 196

Dual expander LNG process, 217

Dual pressure single-stage NG process,
177

Kapitza nitrogen liquefier, 41

Kleemenko LN2 liquefier, 244

Kleemenko LN2 liquefier with flash gas
recycle, 246

Kleemenko LNG process, 203

Linde argon gas cooler, 82

Linde-Hampson nitrogen liquefier, 27

Linde-Hampson refrigerator operating in
GRS mode, 94, 107

Linde-Hampson refrigerator operating in
LRS mode, 101

LNG process with a phase separator, 174

MFC LNG process, 209

Mixed refrigerant precooled Linde-
Hampson liquefier, 232

MRC refrigerator with phase separator,
123

Precooled Linde-Hampson refrigerator,
115

Precooled LNG process with a phase
separator, 180

Precooled single-stage LNG process, 167

Propane precooled LNG process, 186

Reverse Brayton LNG process, 214

Single-stage LNG process, 159
Expander

Exergy loss, 12

Graphical symbol, 12

Gas cooler
Exergy efficiency, 13
Exergy loss, 13
Graphical symbol, 13
Input exergy, 13
Gas cooling
Ideal process, 6
Linde gas cooler, 222
Gas refrigerant supply (GRS), 90, 91, 94,
106, 136, 140, 142
Graphical symbols, 12

Heat engine, 3, 9

Exergy efficiency, 13

Exergy loss, 13

Graphical symbol, 13

Input exergy, 13

Heat exchangers

Aftercooler, 12

Condenser, 12

Effect of pressure drop, 98

Effectiveness, 32
Linde-Hampson liquefier, 33

Evaporator, 12

Exergy loss, 12

Graphical symbol, 12

Linde-Hampson nitrogen liquefier
temperature profiles, 31

Minimum effectiveness, 34

Pinch points, 46, 59

Simulation, 59

Temperature profiles, 28
Kapitza nitrogen liquefier, 46

Ideal gas cooling process, 6
Minimum power required, 6
Minimum work, 6

Ideal gas liquefaction process, 7
Minimum work, 6



Precooled, 17
Ideal processes

Claude, 45

Collins, 46

Constant temperature refrigeration
process, 4

Gas cooling, 6

Kapitza, 40

Linde-Hampson, 19

Liquefaction, 6

Precooled liquefaction, 17

Refrigeration and liquefaction processes,
4

Reverse Brayton gas cooler, 4

Solvay, 17

Variable temperature refrigeration process,

6
Ideal refrigeration processes, 4
Minimum power required, 5
Inversion temperature, 23
Maximum, 24

Joule-Thomson coefficient, 23, 67
Helium, 24
Variation with pressure and temperature,
24

Kapitza liquefaction process, 39
Exergy efficiency, 40, 43
Liquid yield, 40, 43
Open cycle, 55
Optimization, 62
Pinch point, 46
Simulation, 55

Kleemenko process
Liquefaction of natural gas, 199
Liquefaction of nitrogen, 241

Linde gas-cooling process, 15, 81
Linde-Hampson liquefaction process, 18
Exergy efficiency, 26, 36
Exergy losses, 27
Liquid yield, 20, 33, 34, 37
Effect of heat exchanger effectiveness,
33
Maximum, 21
Minimum heat exchanger effectiveness,
34,35
Open cycle, 14, 53
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Precooled, 24
Simulation, 52
Tear stream, 53

Linde-Hampson refrigeration process, 18,

94, 98, 99, 101, 106, 113, 136, 140,
142

Comparison of performance with nitrogen
and hydrocarbon mixtures, 78

Effect of addition of neon, 106, 140

Effect of compressor discharge pressure,
99

Effect of precooling, 113, 115

Effect of pressure drop , 98

Exergy efficiency, 72, 73

GRS, 91, 94, 98, 99, 106, 136, 140, 142

GRS-LRS modes, 90

Heat exchanger effectiveness, 33

LRS, 91, 101

Mixtures, 65, 74, 91, 94, 98, 99, 101, 106,
136, 140, 142

Pure fluids and mixtures, comparison, 78

Liquefaction of air and its constituents, 221
Liquefaction of natural gas, 86, 149

Cascade process operating with mixtures,
205

Classical cascade processes, 151

Classification of processes, 150

Dual mixed refrigerant LNG process, 189

Kleemenko process, 199

LNG process with a phase separator, 170

LNG process with multiple phase
separators, 199

LNG processes with turbines, 212

Mixed refrigerant precooled process with
one phase separator, 189

Precooled LNG process with one phase
separator, 178

Precooled process without phase
separators, 164

PRICO process, 154, 162

Propane precooled process with one phase
separator, 184

Single-stage mixed refrigerant process,
154

Liquefaction of nitrogen

Kleemenko process, 241
Mixed refrigerant precooled Kapitza
process, 235
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Mixed refrigerant precooled Linde— Input exergy, 13
Hampson process, 231 Liquid refrigerant supply (LRS), 90, 91, 101
Single-stage mixed refrigerant process, Liquid yield, 20, 25, 33
227 Kapitza liquefier, 40
Liquefaction processes Kapitza nitrogen liquefier, 43
Air and its constituents, 221 Linde-Hampson liquefaction process, 20,
Claude, 45 37
Collins, 46 Linde—Hampson liquefier, 33
Kapitza, 39 Linde-Hampson nitrogen liquefier, 34
Linde-Hampson, 18 Precooled Linde-Hampson liquefaction
Linde—Hampson process process, 25
Exergy efficiency, 26 Solvay liquefaction process, 37
Natural gas, 149, 150 Solvay nitrogen liquefier, 33
Cascade process operating with
mixtures, 205 Mixed refrigerant process, 120, 121, 124,
Classical cascade process, 151 126, 129
Classification, 150 Choice of mixture constituents, 129
Dual mixed refrigerant LNG process, Constant temperature refrigeration
189 processes, 89
Kleemenko process, 199 Cooling of gases, 81
LNG process with a phase separator, 170 GRS-LRS modes, 90
LNG processes with multiple phase Linde gas cooler, 81, 83
separators, 199 Linde-Hampson refrigerator, 65
LNG processes with turbines, 212 Liquefaction of natural gas, 86
Mixed refrigerant precooled process Optimization, 129, 131
with one phase separator, 189 Phase separator, 120, 121, 124
Precooled LNG process with one phase Multiple, 126
separator, 178 Precooled refrigeration process, 115
Precooled process without phase Refrigeration process, 106
separators, 164 Refrigerators
Propane precooled process with one Pure fluids and mixtures, comparison, 78
phase separator, 184 Mixtures
Single-stage mixed refrigerant process, Azeotropic, 49, 50
154 Choice of constituents, 129
Nitrogen Immiscible liquids, 70
Kleemenko process, 241 Need for, 65
Mixed refrigerant precooled Kapitza Need for Ne or He, 106
process, 235 Nitrogen-methane, 50, 68
Mixed refrigerant precooled Linde— Non-azeotropic, 49, 50
Hampson process, 231 Optimum composition, 129, 143
Single-stage process, 227 R503, 50
Optimization, 143 Types of, 49
Optimization of mixture composition, 143 Typical VLE, 68
Precooled Linde—Hampson, 24 Typical VLLE, 68
Solvay, 17 Zeotropic, 49, 50
Liquefier
Exergy efficiency, 13 Optimization, 135
Exergy loss, 13 CFSQP, 145

Graphical symbol, 13 CRYOSIM, 145



Kapitza liquefaction process, 62
Liquefaction process, 143, 144
Maximization of exergy efficiency, 135
Methods proposed in literature, 131
Mixture composition, 129, 136, 140
Refrigeration process, 135, 137
Refrigeration processes, 131
SQP, 63, 95, 137, 145, 147

Optimum mixture composition, 129
Liquefaction process, 143
Refrigeration process, 131, 135, 136, 140,

142

Phase separator
Exergy loss, 12
Graphical symbol, 12
Phase separator process, 120, 121, 124, 126
Effect of separation efficiency, 124
Refrigeration process, 120, 121, 124, 126
Pinch points, 46, 60
Simulation of heat exchangers with, 59
Precooled mixed refrigerant process, 113,
115
Process simulation
Aspen Plus, 60
Process optimization, see Optimization
Process simulation, 51
Aspen Plus, 51, 53, 60, 63, 103, 145, 162,
172
CRYOSIM, 53, 60, 145
Optimization, 145
Equation-oriented approach, 57
Heat exchangers, 59
HYSIM, 51
Optimization, 62
Pinch points, 59, 60
Sequential modular approach, 52
Open-cycle Linde~Hampson liquefier,
52,53
Open-cycle Kapitza liquefier, 55, 60
Tear streams, 57
Simultaneous modular approach, 58

Refrigerant mixtures, see Mixtures
Refrigeration processes
Carnot, 4
Constant temperature, 4, 89
Erricson, 4
Linde-Hampson, 18, 65
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Lorenz-Meutzner, 80
Precooled mixed refrigerant, 115
Reverse Brayton, 4
Reverse Rankine, 80
Stirling, 4
Refrigerator
Exergy efficiency, 13
Exergy loss, 13
Graphical symbol, 13
Input exergy, 13

Sign convention, 3
Simulation, see Process simulation
Solvay liquefaction process, 17
Exergy efficiency, 37
Liquid yield, 33, 37
Specific heat
Nitrogen, 32, 49
Specific refrigeration effect
Definition, 66
Mixtures, 70
Pure fluids, 66, 70
Stream mixer
Exergy loss, 12
Graphical symbol, 12
Stream splitter
Exergy loss, 12
Graphical symbol, 12

T-h diagram

Helium, 24

Kapitza nitrogen liquefier, 40

Linde nitrogen gas cooler operating with a
nitrogen-hydrocarbon mixture, 84

Linde-Hampson refrigerator/liquefier
operating with nitrogen, 19

Mixed refrigerant Linde gas cooling
process, 225

Natural gas, 158

Nitrogen, 74

Typical nitrogen-hydrocarbon mixture, 70,
74

T-s diagram

Ideal gas-cooling process, 6

Ideal gas-liquefaction process, 7

Ideal nitrogen liquefaction process, 7

Ideal reverse Brayton gas cooler, 4

Linde-Hampson refrigerator operating
with mixtures, 74
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Linde-Hampson refrigerator operating Throttle valve
with nitrogen, 74 Exergy loss, 12
Linde-Hampson refrigerator/liquefier Graphical symbol, 12
operating with nitrogen, 19 Turbine
Lorenz-Meutzner vapor compression Adiabatic efficiency, 16
refrigerator operating with refrigerant Exergy efficiency, 13
R407C, 79 Exergy loss, 12, 13
Mixed refrigerant Linde gas cooling Graphical symbol, 12, 13
process, 224 Input exergy, 13

Reverse Rankine vapor compression
refrigerator operating with refrigerant Vapor-liquid equilibria, 68
R22,79 Vapor-liquid-liquid-equilibria, 68





