
iii

TABLE OF CONTENTS 

1. INTRODUCTION............................................................................................................................. 1

2. PROPERTIES OF LIQUID HYDROGEN..................................................................................... 3

2.1. Physical and Chemical Characteristics......................................................................................... 3

2.1.1. Physical Properties ................................................................................................................ 3

2.1.2. Chemical Properties .............................................................................................................. 7

2.2. Influence of Cryogenic Hydrogen on Materials........................................................................... 9

2.3. Physiological Problems in Connection with Liquid Hydrogen .................................................. 10

3. PRODUCTION OF LIQUID HYDROGEN AND SLUSH HYDROGEN................................. 13

3.1. Liquid Hydrogen Production Methods....................................................................................... 13

3.1.1. Energy Requirement............................................................................................................ 13

3.1.2. Linde Hampson Process ...................................................................................................... 15

3.1.3. Claude Process .................................................................................................................... 16

3.1.4. Magnetic Refrigeration Process .......................................................................................... 20

3.2. Safety Issues ............................................................................................................................... 21

3.3. Liquefaction Efficiency.............................................................................................................. 22

3.4. Present Hydrogen Liquefaction Capacity in the World ............................................................. 22

3.5. Slush Hydrogen Production Methods......................................................................................... 23

4. STORAGE OF LIQUID HYDROGEN......................................................................................... 25

4.1. Principal Tank Design ................................................................................................................ 25

4.2. LH2 Tanks for Mobile Applications ........................................................................................... 28

4.2.1. Passenger Car Tank Design................................................................................................. 28

4.2.2. Safety Tests with LH2 Vehicle Tanks.................................................................................. 30

4.3. Stationary LH2 Tanks ................................................................................................................. 33

5. TRANSPORTATION OF LIQUID HYDROGEN....................................................................... 37

5.1. Road Transportation of LH2 ....................................................................................................... 37

5.2. Maritime Transportation of LH2................................................................................................. 39

5.3. Rail Transportation of LH2......................................................................................................... 43



iv

5.4. Aircraft Transportation of LH2................................................................................................... 43

5.5. Pipeline Transportation of LH2 .................................................................................................. 44

6. SAFETY IN HANDLING LIQUID HYDROGEN....................................................................... 47

6.1. Safety Aspects of Cryogenic Storage ......................................................................................... 47

6.2. Safety Distance........................................................................................................................... 49

6.3. Accidental Occurrences with Liquid Hydrogen ......................................................................... 56

6.3.1. Hydrogen Accident Statistics .............................................................................................. 57

6.3.2. Examples of Major Accidental Occurrences ....................................................................... 60

7. APPLICATIONS OF LIQUID HYDROGEN .............................................................................. 63

7.1. Liquid Hydrogen Use in the Industries ...................................................................................... 63

7.1.1. Chemical and Petrochemical Industries .............................................................................. 63

7.1.2. Metal Industry ..................................................................................................................... 63

7.1.3. Electronic Industry .............................................................................................................. 64

7.1.4. Food Industry ...................................................................................................................... 64

7.1.5. Glass Industry...................................................................................................................... 64

7.2. Liquid Hydrogen as a Fuel ......................................................................................................... 64

7.2.1.  Space Rockets..................................................................................................................... 64

7.2.2.  Spaceplanes ........................................................................................................................ 71

7.2.3.  Airplanes ............................................................................................................................ 75

7.2.4.  Road Vehicles..................................................................................................................... 83

7.2.5.  Hydrogen Filling Stations .................................................................................................. 86

7.2.6.  Fuel Cell CHP Plant Pilot Project ...................................................................................... 92

7.2.7.  H2/O2 Steam Generator....................................................................................................... 94

7.3. Large-Scale Projects................................................................................................................... 95

7.3.1.  Euro-Quebec Hydro-Hydrogen Pilot Project ..................................................................... 95

7.3.2.  WE-NET Project ................................................................................................................ 96

7.3.3.  PORSHE Project ................................................................................................................ 97

7.4. LH2 Applications in Science ...................................................................................................... 97

7.4.1. Liquid Hydrogen in Bubble Chambers................................................................................ 97

7.4.2. Hydrogen as Cold Moderator Material.............................................................................. 101



v

7.4.3. Heavy Water Production from Distillation of Liquid Hydrogen....................................... 104

8. LIQUID HYDROGEN BEHAVIOR UNDER ACCIDENTAL CONDITIONS ..................... 107

8.1. Phenomenology of Cryogenic Release..................................................................................... 107

8.1.1. Accident Scenarios ............................................................................................................ 107

8.1.2. Vaporization of Cryogenic Liquids ................................................................................... 107

8.1.3. Cryogenic Pool Spreading................................................................................................. 114

8.1.4. Evolution of a Flammable Vapor Cloud ........................................................................... 116

8.1.5. LH2 Pool Burning.............................................................................................................. 117

8.2. Experimental Work with Liquid Hydrogen Release ................................................................ 118

8.2.1. Early Liquefied Hydrogen Spill Testing ........................................................................... 118

8.2.2. NASA LH2 Release Experiments ...................................................................................... 121

8.2.3. FZJ Tests on Liquid Hydrogen Pool Spreading ................................................................ 124

8.2.4. Japan Tests on Liquid Hydrogen Pool Spreading ............................................................. 127

8.2.5. Experimental Work on Pool Fires ..................................................................................... 128

8.3. State-of-the-Art Modeling of Cryogenic Pool Behavior .......................................................... 131

8.3.1. Historical Overview on Models......................................................................................... 131

8.3.2. LAUV Model Description................................................................................................. 132

8.3.3. Validation of the LAUV Code .......................................................................................... 134

8.4. Prediction of LH2 Pool Behavior in Accidental Spill Scenarios .............................................. 139

8.4.1. CRYOPLANE Fuel Tank.................................................................................................. 139

8.4.2. Comparison of Different Cryogen Cargos of a Tank Truck.............................................. 140

8.4.3. Simulation of Passive Catalytic Recombiner Operation in a Garage ................................ 143

8.5. Pool Fire Modeling................................................................................................................... 147

9. SUMMARY AND CONCLUSIONS............................................................................................ 151

REFERENCES .................................................................................................................................. 153

APPENDIX:   PHYSICAL AND CHEMICAL PROPERTIES OF HYDROGEN..................... 163




