
Contents 

Nomenclature xiii 

1. Introduction 1 
1.1. Objectives of this Thesis 3 
1.2. Outline - 5 

2. Test Configurations and Literature Review 7 
2.1. Cooling Gas Injection 7 

2.1.1. Motivation 7 
2.1.2. Literature Review 8 
2.1.3. Test Configuration 8 

2.2. Edney Type IV and Type VII Shock-Shock Interaction 9 
2.2.1. Motivation 9 
2.2.2. Literature Review 9 
2.2.3. Test Configuration 15 

3. Physical and Mathematical Modeling 17 
3.1. Flow Regimes 17 
3.2. Flow Equations 18 
3.3. Nonequilibrium Gas Models 19 

3.3.1. Classification of Gases 19 
3.3.2. Energy Modes 20 
3.3.3. Practical Use of Nonequilibrium Modes 21 

3.3.3.1. Overview 21 
3.3.3.2. Relaxation Characteristics 21 
3.3.3.3. Equilibrium Assumptions for Practical Usage 23 

3.3.4. Mathematical Modeling of Nonequilibrium Models in QUADFLOW 24 
3.4. Mixture Properties 26 
3.5. Transport Properties 29 

3.5.1. Viscosity (Momentum Transport) 29 
3.5.1.1. Viscous Stress Tensor 29 
3.5.1.2. Sutherland's Law 29 
3.5.1.3. Blottner Viscosity Model 29 
3.5.1.4. Viscosity Curve Fit 30 

http://d-nb.info/105367208X

http://d-nb.info/105367208X


3.5.1.5. Wilke's Semi-Empirical Mixing Rule 31 
3.5.2. Diffusion (Mass Transport) 31 

3.5.2.1. Fick's law 31 
3.5.2.2. Binary Diffusion Curve Fit 33 

3.5.3. Conduction (Energy Transport) 33 
3.5.3.1. Heat Flux 33 
3.5.3.2. Thermal Conductivity 34 

3.6. Chemical Nonequilibrium Model 35 
3.6.1. Chemical Nonequilibrium 35 
3.6.2. Reaction Kinetics 35 

3.6.2.1. Chemical Source Term 35 
3.6.2.2. Forward Reaction Rates 39 
3.6.2.3. Equilibrium Constant 39 
3.6.2.4. Backward Reaction Rates 40 
3.6.2.5. Conservation of Chemical Elements 40 

3.6.3. Computation of the Equilibrium Constant 40 
3.7. Thermal Nonequilibrium Models 42 

3.7.1. Overview 42 
3.7.2. Vibrational-Translational Energy Exchange flvr (VT) 44 

3.7.2.1. Millikan and White (VT.l) 45 
3.7.2.2. KlomfaS Curve Fit (VT.2) 46 

3.7.3. .Vibrational-Vibrational Energy Exchange Slvv (VV) 47 
3.7.3.1. KlomfaE Curve Fit (VV.l) 48 
3.7.3.2. Candler (W.2) 49 

3.7.4. Vibration-Dissociation Coupling (VD) 50 
3.7.4.1. Park Average Temperature Model (VD.l) 51 
3.7.4.2. Coupled Vibration Dissociation Vibration Model (VD.2) 52 

4. Numerical Methods 55 
4.1. Overview: QUADFLOW solver 55 
4.2. Grid Generation 56 
4.3. Grid Adaptation 57 
4.4. Finite Volume Discretization 58 

4.4.1. Discretization of Fluxes 60 
4.4.1.1. Inviscid Fluxes 60 
4.4.1.2. Viscous Fluxes 61 

4.5. Boundary Conditions 62 
4.5.1. Wall 62 
4.5.2. Symmetry 66 
4.5.3. Subsonic Injection 66 
4.5.4. Far-field 67 

viii 



4.6. Time Integration 67 
4.6.1. Explicit Method 67 
4.6.2. Explicit-Implicit Method 68 
4.6.3. Implicit Method 68 
4.6.4. CFL Evolution and Convergence Criteria 72 

5. Model Validation and Evaluation 73 
5.1. Thermodynamic Properties 75 

5.1.1. Calculation Method 75 
5.1.2. Validation of Results 77 
5.1.3. Evaluation of the Park CO2 Model 77 

5.2. Transport Properties 79 
5.2.1. Calculation Method 79 
5.2.2. Validation of Results 79 

5.3. Equilibrium Constant 81 
5.3.1. Calculation Method 81 
5.3.2. Validation and Evaluation of Results 82 

5.4. Relaxation of a Closed System 83 
5.4.1. Simulation Method 83 
5.4.2. Chemical Equilibrium Composition 83 

5.4.2.1. Air Model 84 
5.4.2.2. Additional Reaction Models 86 

5.4.3. Thermal Equilibrium State 86 
5.5. Relaxation Behind Shock Waves 89 

5.5.1. Simulation Method 89 
5.5.2. Air Model 90 
5.5.3. Air Model: Energy Exchange and Coupling Models 91 
5.5.4. Air Model: Temperature Models 93 
5.5.5. Simulation of Air with Jachimowski Model 95 

6. Validation of the QUADFLOW solver 97 
6.1. Chemical and Thermochemical Nonequilibrium Flow over a Cylinder . . 97 

6.1.1. Problem Setup 98 
6.1.2. Grid Convergence and Grid Adaptation 100 
6.1.3. Efficient Solution Strategy 102 
6.1.4. Flow Field 103 
6.1.5. Stagnation Line 106 
6.1.6. Wall Quantities 106 
6.1.7. Comparison of Chemical anil Thermochemical Nonequilibrium 109 

6.2. Thermochemical Nonequilibrium Flow over a Cylinder (Hornung) .... Ill 
0.2.1. Problem Setup Ill 

ix 



6.2.2. Comparison of Results 113 
6.3. Nozzle Flow 113 

6.3.1. Problem Selup 113 
6.3.2. Results 115 

7. Cooling Gas Injection 119 
7.1. Theoretical Description of the Cooling Gas Injection 119 
7.2. Validation of Boundary Layer Flows 121 

7.2.1. Computational Setup 121 
7.2.2. Results and Discussion 123 

7.3. Experimental Test Case 126 
7.4. Computational Setup 126 
7.5. Results and Discussion 129 

7.5.1. Grid Adaptation and Efficiency 129 
7.5.2. Modeled vs. Simulated Injection 130 
7.5.3. Mixing Processes 135 
7.5.4. Influence of Different Coolants 137 

8. Edney Type IV and VII Interaction 141 
8.1. Experimental Test Case of Edney Type IV Interaction 142 
8.2. Computational Setup 142 
8.3. Nitrogen Flow: Edney Type IV Interaction 149 

8.3.1. Grid Adaptation and Dependency w.r.t. Space and Time .... 149 
8.3.2. Dependency of the Unsteady Mechanism w.r.t. Spatial Order . . 158 
8.3.3. Flow Field 161 
8.3.4. Wall Quantities 167 
8.3.5. Logarithmic Temperature Model 170 

8.4. Martian Atmosphere: Edney Type VII Interaction 174 
8.4.1-. Grid Adaptation and Dependency 174 
8.4.2. Flow Field 176 
8.4.3. Wall Quantities 182 

9. Conclusion and Outlook 183 

Bibliography 187 

Appendix 199 

A. Nondimensional Coefficients 199 
A.l. Skin Friction 199 
A.2. Stanton Number 199 

B. Physical Constants and Model Parameters 201 

x 



B.l. Thermodynamic Properties of Flows in Thermal Noncquilibrium .... 201 
B.l.l. Energy Models: Translational and Rotational Energy Models . . 201 
B.1.2. Energy Models: Vibrational Energy Mode 202 
B.1.3. Limits of Vibrational Energy Models and Derivatives 204 

B.l.3.1. Unbounded Harmonic Oscillator Model 204 
B.l.3.2. Bounded Harmonic Oscillator Model 205 

B.1.4. Energy Models: Electronic Energy Mode 206 
B.1.5. Energy Models: Zero-point Energy 206 
B.l.6. Energy Model Data for Air 207 
B.1.7. Curve Fit Data for the Park CO2 Model 207 

B.2. Transport Coefficients 208 
B.2.1. Sutherland's Law for Air 208 
B.2.2. Blottner Viscosity Model 208 
B.2.3. Lennard-Jones Parameters 208 

B.3. Implemented Reaction Models 209 
B.3.1. Air Model 209 
B.3.2. Air Model with Coolant 209 
B.3.3. Nitrogen Model 210 
B.3.4. Reduced Evans and Schexnayder Model (Hydrogen-Oxygen) . . . 210 
B.3.5. Jachimowski Model (Hydrogcn-Oxygcn-Nitrogen) 210 
B.3.6. Hydrogen Model 212 
B.3.7. Park CO2 Model (Oxygen-Nitrogen-Carbon) 212 

B.4. Thermal Nonequilibrium Models 213 
B.4.1. Millikan and White (VT.l) 213 

B.4.1.1. Air Model 213 
B.4.1.2. Park CO2 Model 213 

B.4.2. KlomfaS Curve Fit (VT.2 and W.l) 214 
B.4.3. Candler (W.2) 214 

xi 


