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ABSTRACT OF THE THESIS

Numerical Investigation of Energy Deposition for Supersonic

Flow over a 2-D Diamond-Shaped Airfoil

by Ye Zhu

Thesis Director: Doyle D. Knight

The research models inviscid compressible flow at Mach 2 over a two dimensional

diamond-shaped airfoil. The objective is to study the interaction of the energy deposition

added in the upstream flow on the airfoil. Theoretical results without energy deposition

in the inlet boundary and numerical results with no filaments, infinitely long symmetric

filament, symmetric pulsed filament, and asymmetric pulsed filament, for Mach number,

temperature, pressure in the flow field domain, are obtained. An analysis is performed on

the drag coefficient acting on the airfoil. FLUENT, Gambit, and C++ are used for the

numerical simulation.

Keywords: supersonic flow, compressible, inviscid, 2-D airfoil, energy deposition, fila-

ment, shock wave, Prandtl-Meyer expansion, drag coefficient, CFD
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1.2.5. Schülein et al 2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.6. Knight et al 2009a . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.7. Knight et al 2009b . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.8. Mahapatra et al 2009 . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.9. Sasoh et al 2009 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3. Statement of Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2. Statement of Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1. Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2. Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1. Governing Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

v



2.2.2. Nondimensionalization . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.3. Governing Equations in Dimensionless Form . . . . . . . . . . . . . . 19

2.2.4. Boundary Conditions in Dimensionless Form . . . . . . . . . . . . . 20

2.2.5. Governing Equations in Vector Form . . . . . . . . . . . . . . . . . . 21

3. Numerical Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1. The Finite Volume Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2. Convective Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1. Roe Flux-Difference Splitting Scheme . . . . . . . . . . . . . . . . . 23

3.3. Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1. Spatial Discretization Scheme . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2. Temporal Discretization Scheme . . . . . . . . . . . . . . . . . . . . 25

3.4. Numerical Grid Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.5. Calculation Procedure at Boundaries . . . . . . . . . . . . . . . . . . . . . . 28

3.6. Code Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1. Results for the Numerical Simulation without Energy Deposition in the Inlet

Boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1.1. Parameters of Flow Field Analysis . . . . . . . . . . . . . . . . . . . 35

4.1.2. Drag Coefficient Analysis . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2. Infinitely Long Symmetric Filament . . . . . . . . . . . . . . . . . . . . . . 43

4.2.1. Parameters of Flow Field Analysis . . . . . . . . . . . . . . . . . . . 43

4.2.2. Case 1 (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.3. Case 2 (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.4. Case 3 (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.5. Case 4 (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.6. Drag Coefficient Analysis for Infinitely Long Symmetric Filament

Added . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3. Symmetric Pulsed Filament . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

vi



4.3.1. Parameters of Flow Field Analysis . . . . . . . . . . . . . . . . . . . 71

4.3.2. Case 1 (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3.3. Case 2 (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3.4. Case 3 (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.5. Case 4 (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.6. Drag Coefficient Analysis for Symmetric Pulsed Filament Added . . 88

4.4. Asymmetric Pulsed Filament . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.1. Parameters of Flow Field Analysis . . . . . . . . . . . . . . . . . . . 97

4.4.2. Case 1 (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.3. Case 2 (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.4. Case 3 (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.4.5. Case 4 (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.4.6. Drag Coefficient Analysis for Asymmetric Pulsed Filament Added . 117

4.5. Results among infinitely long Filament, Symmetric Pulsed Filament and

Asymmetric Pulsed Filament . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5. Conclusions and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.1. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.2. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

vii



List of Tables

2.1. Properties of the freestream . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2. Dimensionless Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3. Study Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4. Properties of the filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1. Theoretical solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2. Numerical solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.1. Theoretical results of drag coefficient . . . . . . . . . . . . . . . . . . . . . . 42

4.2. Infinitely Long Symmetric Filament . . . . . . . . . . . . . . . . . . . . . . 43

4.3. Average results of drag coefficient in the simulation with infinitely long filament 68

4.4. Symmetric Pulsed Filament . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.5. Average results of drag coefficient in the simulation with symmetric pulsed

filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.6. Asymmetric Pulsed Filament . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.7. Average results of drag coefficient in the simulation with asymmetric pulsed

filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

viii



List of Figures

1.1. An extended path is heated ahead of a cone in supersonic flow. (PM & AM

Research) [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2. Air is heated along the stagnation line ahead of a vehicles bow shock (Kre-

meyer, USPTO 6,527,221 B1) [1] . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3. Quasi-stationary flow over a sphere in the presence of pulse-periodic energy

sources upstream (static pressure p/p∞ isolines): M∞ = 2, γ = 1.4 [2] . . . 5

1.4. Quasi-stationary flow over an ogival-type body in the presence of pulse-

periodic energy sources upstream (static pressure p/p∞ isolines): M∞ = 2,

γ = 1.4 [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5. Irregular flow over a 25-degree cone in the presence of pulse-periodic energy

sources upstream (static pressure p/p∞ isolines): M∞ = 2, γ = 1.4 [2] . . . 6

1.6. Results for M∞ = 3 [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.7. The model for investigation of drag under condition of counter flow [3]. . . 8

1.8. The test section with nozzle and diffuser for Mach number M = 3 [4]. . . . 9

1.9. Flow structure in double-pulse with energy of both pulses equal to 333 mJ and

20 µs delay at the start of spot / bow shock interaction (left column) and

during lensing effect (right column): a, d) experimental pictures for pulses

distance 46 mm; b, e) corresponding pictures from simulation; c, f) simulation

for pulse distance of 76 mm [5] . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.10. Computational domain [6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.11. Computed and experimental pressure on hemisphere-cylinder centerline [6] . 12

1.12. A typical schlieren photograph obtained for a plasma jet [7] . . . . . . . . . 13

1.13. Experimental set-up [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.14. Test cylinder body and its housing for drag measurement [8] . . . . . . . . . 14

ix



2.1. Schematic of the problem description . . . . . . . . . . . . . . . . . . . . . . 16

3.1. Geometrical configuration of the problem description . . . . . . . . . . . . . 27

3.2. The meshed domain of MPIJ . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3. The meshed domain of MPIJ . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4. The meshed domain of LMJK . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.5. Contours of numerical solution with no energy deposition in the flow inlet

boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.6. Theoretical solution with no energy deposition . . . . . . . . . . . . . . . . 33

4.1. Eight Mach number contours for process of simulation case without energy

deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2. Eight pressure contours for process of simulation case without energy deposition 38

4.3. Eight temperature contours for process of simulation case without energy

deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4. Eight enlarged density contours for process of simulation case without energy

deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.5. Eight enlarged numerical schlieren contours for process of simulation case

without energy deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.6. Schematic sketch of drag force distribution on the airfoil . . . . . . . . . . 42

4.7. Theoretical drag coefficient (no filament) . . . . . . . . . . . . . . . . . . . . 43

4.8. Six Mach number contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.9. Six pressure contours for the flow simulation with the infinitely long sym-

metric filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.10. Six temperature contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.11. Six enlarged density contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.12. Six enlarged density contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . 50

x



4.13. Six Mach number contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.14. Six pressure contours for the flow simulation with the infinitely long sym-

metric filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.15. Six temperature contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.16. Six enlarged density contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.17. Six enlarged numerical schlieren contours for the flow simulation with the

infinitely long symmetric filament (dt = 0.25) . . . . . . . . . . . . . . . . . 56

4.18. Six Mach number contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.19. Six pressure contours for the flow simulation with the infinitely long sym-

metric filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.20. Six temperature contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.21. Six enlarged density contours for the flow simulation with the infinitely long

symmetric filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.22. Six enlarged numerical schilieren contours for the flow simulation with the

infinitely long symmetric filament (dt = 0.50) . . . . . . . . . . . . . . . . . 61

4.23. Six Mach number contours for the flow simulation with the infinitely long

symmetric filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.24. Six pressure contours for the flow simulation with the infinitely long sym-

metric filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.25. Six temperature contours for the flow simulation with the infinitely long

symmetric filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.26. Six enlarged density contours for the flow simulation with the infinitely long

symmetric filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . 66

xi



4.27. Six enlarged numerical shilieren contours for the flow simulation with the

infinitely long symmetric filament (dt = 1.00) . . . . . . . . . . . . . . . . . 67

4.28. Computed average values of drag coefficient in the simulation with infinitely

long symmetric filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.29. Computed drag coefficient with flow time (infinitely long symmetric filament) 1 69

4.30. Computed drag coefficient with flow time (infinitely long symmetric filament) 2 70

4.31. Six Mach number contours for the flow simulation with the symmetric pulsed

filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.32. Six pressure contours for the flow simulation with the symmetric pulsed fil-

ament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.33. Six temperature contours for the flow simulation with the symmetric pulsed

filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.34. Six enlarged density contours for the flow simulation with the symmetric

pulsed filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.35. Six enlarged numerical schilieren contours for the flow simulation with the

symmetric pulsed filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . 76

4.36. Six Mach number contours for the flow simulation with the symmetric pulsed

filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.37. Six pressure contours for the flow simulation with the symmetric pulsed fil-

ament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.38. Six temperature contours for the flow simulation with the symmetric pulsed

filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.39. Six enlarged density contours for the flow simulation with the symmetric

pulsed filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.40. Six enlarged numerical schilieren contours for the flow simulation with the

symmetric pulsed filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . 81

4.41. Six Mach number contours for the flow simulation with the symmetric pulsed

filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xii



4.42. Six pressure contours for the flow simulation with the symmetric pulsed fil-

ament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.43. Six temperature contours for the flow simulation with the symmetric pulsed

filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.44. Six enlarged density contours for the flow simulation with the symmetric

pulsed filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.45. Six enlarged numerical schilieren contours for the flow simulation with the

symmetric pulsed filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . 87

4.46. Six Mach number contours for the flow simulation with the symmetric pulsed

filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.47. Six pressure contours for the flow simulation with the symmetric pulsed fil-

ament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.48. Six temperature contours for the flow simulation with the symmetric pulsed

filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.49. Six enlarged density contours for the flow simulation with the symmetric

pulsed filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.50. Six enlarged numerical schilieren contours for the flow simulation with the

symmetric pulsed filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . 93

4.51. Computed average values of drag coefficient in the simulation with symmetric

pulsed filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.52. Computed drag coefficient with flow time (symmetric pulsed filament) 1 . . 95

4.53. Computed drag coefficient with flow time (symmetric pulsed filament) 2 . . 96

4.54. Six Mach number contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.55. Six pressure contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.56. Six temperature contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

xiii



4.57. Six enlarged density contours for the flow simulation with the asymmetric

pulsed filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.58. Six enlarged numerical schilieren contours for the flow simulation with the

asymmetric pulsed filament (dt = 0.10) . . . . . . . . . . . . . . . . . . . . . 102

4.59. Six Mach number contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.60. Six pressure contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.61. Six temperature contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.62. Six enlarged density contours for the flow simulation with the asymmetric

pulsed filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.63. Six enlarged numerical schilieren contours for the flow simulation with the

asymmetric pulsed filament (dt = 0.25) . . . . . . . . . . . . . . . . . . . . . 107

4.64. Six Mach number contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.65. Six pressure contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.66. Six temperature contours for the flow simulation with the asymmetric pulsed

filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.67. Six enlarged density contours for the flow simulation with the asymmetric

pulsed filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.68. Six enlarged numerical schilieren contours for the flow simulation with the

asymmetric pulsed filament (dt = 0.50) . . . . . . . . . . . . . . . . . . . . . 113

4.69. Six Mach number contours for the flow simulation with the asymmetric pulsed

filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.70. Six pressure contours for the flow simulation with the asymmetric pulsed

filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

xiv



4.71. Six temperature contours for the flow simulation with the asymmetric pulsed

filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.72. Six enlarged density contours for the flow simulation with the asymmetric

pulsed filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.73. Six enlarged numerical schilieren contours for the flow simulation with the

asymmetric pulsed filament (dt = 1.00) . . . . . . . . . . . . . . . . . . . . . 120

4.74. Computed average values of drag coefficient in the simulation with asymmet-

ric pulsed filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.75. Computed drag coefficient with flow time (asymmetric plused filament) 1 . 122

4.76. Computed drag coefficient with flow time (asymmetric plused filament) 2 . 123

4.77. Comparisons of the computed average values of drag coefficient in the same

d
t cases with three different types of filaments (infinitely long symmetric,

symmetric pulsed, asymmetric pulsed) . . . . . . . . . . . . . . . . . . . . . 124

xv



1

Chapter 1

Introduction

1.1 Motivation

Historically, Prandtl was the first person to create the science of flow control (1904). He

delayed the boundary layer separation from the surface of a cylinder by the use of suction.

And then, until World War II and the Cold War, in needs of aerodynamics of vehicles and

weaponry, the techniques of flow control developed very quickly, which had applications

in the military primarily. After the 1970s, the energy crisis broke out, and more and

more agencies paid attention to flow control techniques, including national governments

and private corporations. They spent substantial amounts of financial, physical and human

resources for civilian air, sea, land vehicles and industrial applications [9].

Hypersonic and supersonic vehicles/missiles generate shock waves, which will increase

the drag for aircraft. The drag increase will lead to increased fuel consumption. Thus,

many challenges are faced with the science of flow control. These include increased drag

[10] [11], sonic boom, and destructively high temperatures and pressures on their airframe

and components [1], [12].

The energy deposition technique for flow control has attracted growing interest in recent

years. Various kinds of discharges - laser, microwave, pulsing high voltage sparks (HVS),

etc, - have been studied. Applications with microwave and laser facilities have made great

progress in all the new aspects [13], [14], [15], which attracted serious attention connected

with their applicability in aerodynamics [26]. Microwave discharge can be realized at a

sufficient distance from the vehicle while its position, structure and plasma parameters

can be varied quickly [27] [28]. Experimental research with beamed energy deposition in

supersonic flow for flow control began more than 15 years ago. There are experimental

and theoretical results to demonstrated the effectiveness of energy deposition in front of
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a body in supersonic flow for drag reduction and local flow control [16], [17], [18], [19].

Nevertheless, some problems are also revealed during the investigations. It has been shown

that the filaments (regions with high temperature and low density), which are oriented along

the flow direction, can modify the flowfield [18], [20], [21]. However microwave discharges

always have an intrinsic jitter. Laser breakdown, on the other hand, has a consistent

shape of a sphere or slightly elongated ellipsoid [22]. It has been proposed to combine

the advantages of both the microwave and laser (high precision of the energy deposition

region inherent to the laser with the unique parameters of a microwave discharges) [23].

Actually, the laser-guided-microwave technique seems to be a flexible tool of high efficiency

in supersonic/hypersonic flow control and shock modification [24].

Numerical modeling of microwave energy filaments in supersonic/hypersonic flows has

also generated a great of attention in the past few years. Comparing and analyzing numerical

and theoretical results, a reasonable model and explanation for nature can be obtained [30],

[31].

1.2 Literature Review

Various energy deposition methods and types of apparatus have been investigated over

the past several years with the purpose of reducing drag and/or controling flow on super-

sonic/hypersonic vehicles and increasing their efficiency of operation.

1.2.1 Kremeyer 2004

Kremeyer [1] performed an experimental study of an energy deposition method and appa-

ratus developed over the past several years by PM & AM Research (Physics, Meterials and

Applied Methematics Research). Kremeyer used an electric discharge. A laser generated

the filaments which form an ionized path that can be used to inject large amounts of energy

into the air (Figures 1.1 and 1.2). The numerical simulation points out the extremely high

drag reduction in use of the technique (eliminating up to 96% of the drag), at efficiency of

up to 6500% (saving 65 times more propulsive energy than the amount of energy deposited
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Figure 1.1: An extended path is heated ahead of a cone in supersonic flow. (PM & AM
Research) [1]

ahead of the vehicle). Experimental results show that the drag, pressure and the tempera-

ture can be reduced. When the air is heated along the stagnation line, the amount of drag

reduction is maximized.

1.2.2 Georgievsky and Levin 2004

Georgievsky and Levin [2] performed a numerical study of bow shock wave structure control

by pulse-periodic energy input. They investigated the effect of pulsing energy sources on a

supersonic flow and the bow shock wave structure dynamics for different shape bodies, which

are located downstream. The unsteady Euler equations and a model of an ”energy source”

are used for the numerical simulations. The effect of a ”cloud injection” for ”choking”

energy sources was found, and it was shown that energy sources of ”shockless” type are

preferable to simulate steady energy input. It was determined by the pulse-periodic energy

input that an effective method for transition from the pulsing regime to the quasi-stationary

regime is the energy source elongation. Figures 1.3, 1.4 and 1.5 show the supersonic flow

over the different body shapes. In all the figures, the energy source size Q0∆t = const, and

τ is duration for the pulse-periodic unsteady regimes with rectangular pulses of the period

T .
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Figure 1.2: Air is heated along the stagnation line ahead of a vehicles bow shock (Kremeyer,
USPTO 6,527,221 B1) [1]
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Figure 1.3: Quasi-stationary flow over a sphere in the presence of pulse-periodic energy
sources upstream (static pressure p/p∞ isolines): M∞ = 2, γ = 1.4 [2]

Figure 1.4: Quasi-stationary flow over an ogival-type body in the presence of pulse-periodic
energy sources upstream (static pressure p/p∞ isolines): M∞ = 2, γ = 1.4 [2]
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Figure 1.5: Irregular flow over a 25-degree cone in the presence of pulse-periodic energy
sources upstream (static pressure p/p∞ isolines): M∞ = 2, γ = 1.4 [2]
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Figure 1.6: Results for M∞ = 3 [3].

1.2.3 Lashkov et al 2007

Lashkov et al [3] performed a combined numerical and experimental study of aerodynamic

drag of a body when an energy release domain appears near the body. They provided

numerical calculations on the basis of the Euler equations of a thin low-density channel

C-shaped shock layer interaction a Mach 3 oncoming flow. Furthermore, they compared

the results of numerical (Figure 1.6) results at M∞ = 1.89. New flow structure effects

concerning generation and dynamics of shock waves and contact discontinuities were ob-

tained. Also, dynamics of the front drag force, stagnation parameters and bow shock wave

coordinate were evaluated. In the experimental part, the experimental model was a sphere

of 25 mm diameter. The sphere had an orifice of 1 mm diameter for gas injection of the

upstream working flow (see Figure 1.7). The model consisted of a body 1 with a cavity

inside it. The cavity was used as a forechamber for injecting gas. It was connected with an

air feeding tube 3 and pressure measuring tube 4. The model was placed on a sting 2 with a

pressure transducer located inside it. Microwave discharge and counter flow reinforced the

influence of each other on drag reduction. Gas injection through the spike on the sphere

did not allow the microwave discharge to upset gas moving in the recirculating zone. It

diminishes the influence of the discharge on the drag increase of the sphere.

1.2.4 Lashkov et al 2008

Lashkov et al [4] performed an experimental study of modeling a new microwave focusing

system. A supersonic diffuser was designed and manufactured for creating a working flow

with Mach 3 in the wind tunnel (Figure 1.8). A microwave discharge was realized at a

higher static pressure. A gas heater was built that raised the stagnation temperature in

the working flow up to 600-650K. Results of the discharge showed that the bow shock
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Figure 1.7: The model for investigation of drag under condition of counter flow [3].

wave stands about four times farther off the front surface of the blunt cylinder than under

conventional streamlining. The new microwave focusing system and heating of the working

gas gave an opportunity to investigate the interaction of a gas heated by microwave discharge

with the shock layer on the body over a wide range in Mach number, microwave power and

static pressure.

1.2.5 Schülein et al 2008

Schülein et al [5] performed an experimental and numerical study of shock wave transforma-

tion by laser-induced energy deposition. It was shown that the variations in the discharge

location could lead to various flow patterns caused by combinations of impinging / reflected

blast wave and the thermal spot. As expected, the scales of the interaction increased with

higher pulse energy. This trend was also confirmed by increasing the energy of the second

impulse in the double pulse regime, while the overall influence is generally comparable in

single and double cases for the same total deposited energy. Furthermore, the short delays

discussed do not change the interaction much. Further improvements for the numerical

model of the source term are necessary for better prediction of the interaction. They iden-

tified the model sensitivity to the initial source shape. Experimental and numerical flow

fields are shown in Figure 1.9 at the time instant corresponding to the start of the spot /
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Figure 1.8: The test section with nozzle and diffuser for Mach number M = 3 [4].

bow shock interaction (the thermal spot only touches the shock) and at a later time instant.

1.2.6 Knight et al 2009a

Knight et al [32] performed a numerical study of the interaction of a microwave filament and

a shock layer on the basis of the Euler equations. In the study, the filaments were regarded

as the heated rarefied channels (heat layers). They evaluated the details of the mechanisms

of the front body’s surface drag force reduction, temporary drag force enhancement and

lift/pitch force. A wide range of values of filament characteristics were used in the research:

rarefaction factor, location relative to the body and filament sizes (including infinite length).

The results shows that drag reduction for a symmetrical filament location is caused by the

effect of the vortices on the front body’s surface and is connected with the generation of the

gas stream directed from the body. Temporary drag increase associated with the generation

of a mass of compressed cooler gas near the body via the heated area boundary effect inside

the shock layer (heat piston effect). It is shown that in the statistically stationary state in

the case of asymmetric filament location the stagnation point forms in a different location

compared to the case of the symmetrical filament location, its dynamics being of pulse
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Figure 1.9: Flow structure in double-pulse with energy of both pulses equal to 333 mJ
and 20 µs delay at the start of spot / bow shock interaction (left column) and during
lensing effect (right column): a, d) experimental pictures for pulses distance 46 mm; b, e)
corresponding pictures from simulation; c, f) simulation for pulse distance of 76 mm [5]
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character reflecting pulse (stochastic) flow character in total. It is also shown that, in the

case of zero attack of angle, the shift of the thermal source from the axis of symmetry leads

to the origination of a pitch force, which is a function of a shift value from the symmetry

axis of thermal layer and a degree of rarefaction in it.

1.2.7 Knight et al 2009b

Knight et al [6] performed a numerical study of a microwave-generated plasma with the su-

personic flow past a hemisphere-cylinder shaped body. The computational domain is shown

in Figure 1.10. The code in the study is fully three-dimensional and time-accurate. The ther-

mochemistry model includes 23 species and 238 reactions. The computed and experimental

surface pressure vs time on the centerline of the body surface for the hemisphere cylinder

are shown in Figure 1.11a. The surface pressures between the computed and experimental

results agree very well. The effect of the filtering on the computed centerline pressure is

shown in Figure 1.11b. Furthermore, the filtering significantly reduces the magnitude of the

computed pressure drop associated with the interaction of the microwave-generated plasma

and the hemisphere cylinder. Significant nonequilibrium effects are observed throughout the

interaction; in particular, the level of atomic oxygen remains high through the interaction

of the plasma with the blunt body.

1.2.8 Mahapatra et al 2009

Mahapatra et al [7] performed an experimental study of the effect of counter flow plasma

injection (Figure 1.12 shows a typical schlieren photograph obtained for a plasma jet) on

the aerodynamic drag of a hemispherical blunt cylinder model in hypersonic shock tunnel at

four different pressure ratios and varying supply power. The pressure ratio is p = p0j/p0f ,

with values of 15.3, 24.52, 72.5 and 96.67, where p0j is the jet total pressure (taken as

the cylinder supply pressure) and p0f is the pitot pressure of the test flow and at different

values of power (by varying the current of the supply unit). A schematic diagram of the

experimental facility is given in Figure 1.13. It is demonstrated that at a higher pressure

ratio there is a significant reduction of drag in the presence of the plasma. Furthermore,

the reduction of drag is due to the combined effect of jet-bow shock interaction and the
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Figure 1.10: Computational domain [6]

Figure 1.11: Computed and experimental pressure on hemisphere-cylinder centerline [6]
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Figure 1.12: A typical schlieren photograph obtained for a plasma jet [7]

thermal effect of plasma jet.

1.2.9 Sasoh et al 2009

Sasoh et al [8] developed an experimental system to examine drag reduction performance

with repetitive laser pulse irradiations. The results demonstrated that the time-averaged

drag over the cylinder nose is reduced. The calculation of the accuracy of the measurement,

in particular associated with the friction force between the cylinder body and the housing

caused by the O-rings-shape (Figure 1.14), shows the O-rings-shape used in the experiments

should make evaluation more accurate.

1.3 Statement of Objectives

The objective of this research is to perform a numerical simulation of a simplified model of an

energy deposition filament, which has an effect on the flow structure over a two dimensional

diamond-shaped airfoil. The flow is compressible and inviscid with Mach number 2. The

plasma filament generated by a microwave discharge is simulated as a ”thermal spot”(a

region of high temperature and thus low density). The filament convects past the wedge-

shaped body and alters the flow structure. The research will show the behavior of the
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Figure 1.13: Experimental set-up [7]

Figure 1.14: Test cylinder body and its housing for drag measurement [8]

upstream flow occuring near the airfoil. Furthermore, the effect of variation of filament

height, energy deposition position in the inflow boundary and length of filament on the

drag coefficient on the airfoil are investigated.



15

Chapter 2

Statement of Problem

2.1 Problem Description

Consider inviscid compressible freestream flow past a 2-D diamond-shaped symmetric airfoil

with Mach number 2 at the inflow. The schematic of this research is shown in Figure 2.1.

The properties of the freestream are in Table 2.1.

The energy deposition is added at the inflow boundary. The density of the energy

deposition region is lower than the freestream. The ratio of the filament density to the

freestream density is defined as α. In this case, α equals 0.5. Consequently the temperature

of the energy deposition region is higher, i.e., double the upstream temperature, since the

static pressure in the energy deposition region is assumed equal to the freestream static

pressure.

In Figure 2.1, the width, the height, and the half angle of the airfoil are c, t and δ (δ =

10◦) respectively. The length and height of each pulsed filament are l and d, respectively.

The distance from right/left point of each filament to the same point of the adjacent filament

is L. The vertical distance from the center of the energy deposition to the center of the

airfoil is h.

There are three dimensionless flow parameters in the case: the Mach number M∞, the

ratio of filament density to freestream density α, and the ratio of specific heats γ. In the

study of the inviscid problem, four more dimensionless parameters are added: d
t ,

l
t ,

L
t , and

h
t . All the dimensionless parameters of each type in the study are shown in Table 2.3 and

the cases studied are shown in Table 2.2. From the dimensionless parameters, the values

of the properties of the filament are obtained in Table 2.4 (The filament is assumed to be

at equilibrium).
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Figure 2.1: Schematic of the problem description

Table 2.1: Properties of the freestream
Properties

Pressure P∞ 101325 Pascal
Temperature T∞ 300 K

Mach number M∞ 2.0
Angle of attack 0

Table 2.2: Dimensionless Parameters
Type Description Definition Value

Flow Mach number M∞ 2.0
Specific heats ratio γ 1.4

Filamant Density ratio α 0.5

Height d
t varies

Length l
t varies

Pulse (Period) L
t varies

Symmetric or not h
t varies
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Table 2.3: Study Case
Type d

t
l
t

L
t

h
t

Symmetric 0.1 0.25 ∞ n/a 0
0.5 1.0
0.1 0.25 1 2 0
0.5 1.0

Asymmetric 0.1 0.25 1 2 0.25
0.5 1.0

Table 2.4: Properties of the filament
Properties

Pressure Pf 101325 Pascal
Temperature Tf 600 K

Mach number Mf 1.414
Angle of attack 0

2.2 Formulation

2.2.1 Governing Equations

This flow is assumed to be inviscid and compressible. The mass, momentum, and energy

conservation equations are described in Equations (2.1), (2.2) and (2.3), where the Einstein

summation convention is used [33].

Conservation of Mass:

∂ρ

∂t
+
∂ρuj
∂xj

= 0 (2.1)

Conservation of Momentum:

∂ρui
∂t

+
∂ρuiuj
∂xj

= − ∂p

∂xi
(2.2)

Conservation of Energy

∂ρe

∂t
+
∂(ρe+ p)uj

∂xj
= 0 (2.3)

The total energy per unit mass is given by

e = cvT +
1

2
ujuj (2.4)
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The total enthalpy is

H = h+
1

2
uiui (2.5)

where h is the static enthalpy, defined as

h = cV T +
p

ρ
(2.6)

2.2.2 Nondimensionalization

All the equations in section 2.2.1 are nondimensionlized by employing the following trans-

formations:

u∗i =
ui
Uref

x∗i =
xi
Lref

time∗ =
time

Lref/Uref

p∗ =
p

ρref · U2
ref

T ∗ =
T

Tref

ρ∗ =
ρ

ρref

e∗ =
e

U2
ref

The airfoil thickness (t) and the variables of the freestream are chosen as characteristic

values:

Uref = U∞

Lref = t

ρref = ρ∞

Tref = T∞

Then,

u∗i =
ui
U∞

(2.7)
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x∗i =
xi
L∞

(2.8)

time∗ =
time

L∞/U∞
(2.9)

p∗ =
p

ρ∞ · U2
∞

(2.10)

T ∗ =
T

T∞
(2.11)

ρ∗ =
ρ

ρ∞
(2.12)

e∗ =
e

U2
∞

(2.13)

The dimensionless variables are denoted with a superscript ∗ above.

2.2.3 Governing Equations in Dimensionless Form

Equations (2.7), (2.8), (2.9), (2.10), (2.11), (2.12) and (2.13) are substituted into

Equations (2.1), (2.2) and (2.3). The governing equations in dimensionless form are as

follows:

Conservation of Mass:

∂ρ∗

∂t∗
+
∂ρ∗u∗j
∂x∗j

= 0 (2.14)

Conservation of Momentum:

∂ρ∗u∗i
∂t∗

+
∂ρ∗u∗iu

∗
j

∂x∗j
= −∂p

∗

∂x∗i
(2.15)

Conservation of Energy

∂ρ∗e∗

∂t∗
+
∂(ρ∗e∗ + p∗)u∗j

∂x∗j
= 0 (2.16)

And the total enthalpy becomes

H∗ = h∗ +
1

2
u∗iu

∗
i (2.17)
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where h∗ becomes

h∗ =
p∗

ρ∗
(2.18)

2.2.4 Boundary Conditions in Dimensionless Form

At the inflow boundary, the filament travels with the same speed as the freestream and the

pressure is the same as the freestream pressure. Because

ρ =
p

RT

ρf
ρ∞

= α = 0.5

Thus

Tf = 2T∞

And because

M =
U√
γ pρ

Thus

Mf =
√
αM∞

The boundary conditions are nondimensionalized by using the dimensionless variables

• Upstream flow Mach number

M∗∞ =
M∞
M∞

= 1

• Filament Mach number

M∗f =
Mf

M∞
=
√
α

• Upstream flow pressure

p∗∞ =
p

ρ∞U2
∞

=
1

γM2
∞

• Filament pressure

p∗f = p∗∞

• Upstream flow temperature

T ∗∞ =
T∞
T∞

= 1
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• Filament temperature

T ∗f = 2T ∗∞ = 2

2.2.5 Governing Equations in Vector Form

The system of governing equations for a single-component fluid, written to describe the

mean flow properties, is cast in integral Cartesian form for an arbitrary control volume V

with differential surface area dA as follows:

∂

∂t

∫
V
QdV +

∮
F · dA = 0 (2.19)

where the vectors Q and F are defined as

Q =



ρ

ρu

ρv

e


(2.20)

F · dA =



ρ~v · ~n

ρu~v · ~n + nxp

ρv~v · ~n + nyp

(e+ p)~v · ~n


dA (2.21)

where

dA = ~ndA

Here ρ, v, e, and p are the density, velocity, total energy per unit mass, and pressure of

the fluid, respectively.

Total energy e is related to the total enthalpy H by

e = H − p/ρ (2.22)

where H is defined by Equation (2.5).
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Chapter 3

Numerical Method

The numerical model calculates the solution of coupled non-linear partial differential equa-

tions governing continuity, momentum and energy conservation. Solution of this nonlinear

problem is further discussed by the addition of the drag coefficient.

A finite volume technique is used along with a uniform grid arrangement. The governing

equations of continuity, momentum, and energy must be solved simultaneously, i.e, all

the equations coupled together. The selected spatial and temporal discretization for each

equation in the coupled set of governing equations is linearized explicitly [34].

3.1 The Finite Volume Method

The finite volume method is used to solve the continuity, momentum and energy equations.

The physical domain can be separated into numerous sections without overlapping. All

these numerous sections are called control volumes. Each control volume contains a cell

centered node, which represents pressure, temperature or Mach number. Control volumes

are constructed, so only one node is centered within every control volume. The variables in

every two neighbouring control volumes are assumed linear.

Commercial finite volume codes like FLUENT are available for the finite volume method.

For this project, the energy deposition requires flexibility to modify. UDF (User-defined

function, which allows to customize FLUENT and can significantly enhance its capabilities)

can be used to solve the current problem in the boundary conditions. The programming

code for UDF is C++.
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3.2 Convective Flux

3.2.1 Roe Flux-Difference Splitting Scheme

The inviscid flux vector F is evaluated by a standard upwind, flux-difference splitting. This

approach acknowledges that the flux vector F contains characteristic information propa-

gating through the domain with speed and direction according to the eigenvalues of the

system. By splitting F into parts, where each part contains information traveling in a par-

ticular direction (i.e., characteristic information), and upwind differencing the split fluxes

in a manner consistent with their corresponding eigenvalues, the following expression can

be obtained for the discrete flux at each face:

F =
1

2
(FR + FL)− 1

2
Γ|Â|δQ (3.1)

Here δQ is the spatial difference QR − QL. The fluxes FR = F (QR) and FL = F (QL)

are computed using the (reconstructed) solution vectors QR and QL on the ”right” and

”left” side of the face. Γ is the preconditioning matrix in the FLUENT for preconditioned

system. The matrix |Â| is defined by

|Â| = M |Λ|M−1 (3.2)

where Λ is the diagonal matrix of eigenvalues and M is the matrix that diagonalizes A,

where A is the inviscid flux Jacobian ∂F/∂Q.

For the non-preconditioned system (and an Ideal Gas) Equation (3.1) reduces to Roe’s

flux-difference splitting when Roe-averaged values are used to evaluate Γ|Â|. At present,

arithmetic averaging of states QR and QL is used.

In its current form, Equation (3.1) can be viewed as a second-order linear combination

plus an added matrix dissipation. The added matrix dissipation term can be responsible

for producing an upwinding of the convected variables, and of pressure and flux velocity in

supersonic flow.
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3.3 Discretization

A control volume-based technique is used to convert a general scalar transport equation

to an algebraic equation that can be solved numerically. This control volume technique

consists of integrating the transport equation about the each control volume, yielding a

discrete equation expresses the conservation law on a control volume basis.

Discretization of the governing equations can be illustrated most easily by considering

the unsteady conservation for transport of a scalar quantity φ. This is demonstrated by the

following equation written in integral form for an arbitrary control volume V as follows:∫
V

∂ρφ

∂t
dV +

∮
ρφ~v · d ~A =

∮
γφ 5 φ · d ~A+

∫
V
SφdV (3.3)

where

ρ = density

~v = velocity vector = uî+ vĵ in 2D

d ~A = surface area vector

γφ = diffusion coefficient for φ

∇φ = (∂φ/∂x)̂i+ (∂φ/∂y)ĵ in 2D

Sφ = sourse of φ per unit volume

Equation (3.3) is applied to each control volume, or cell, in the computational domain.

3.3.1 Spatial Discretization Scheme

Values of the scalar φ at the cell centers are discretized. However, face values φf are required

for the convection terms in Equation (3.3) and must be interpolated from the cell center

values. This is accomplished using an upwind scheme.
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Upwinding means that the face value φf is derived from quantities in the cell upstream,

or ”upwind”, relative to the direction of the normal velocity vn in Equation (3.3).

In this problem, second-order accuracy is needed. Quantities at cell faces are computed

using a multidimensional linear reconstruction approach. In this approach, higher-order

accuracy is achieved at cell faces through a Taylor series expansion of the cell-centered

solution about the cell centroid. Thus when second-order upwinding is selected, the face

value φf is computed using the following expression:

φf,SOU = φ+5φ · ~r (3.4)

where φ and 5φ are the cell-centered value and its gradient in the upstream cell, and ~r

is the displacement vector from the the upstream cell centroid to the face centroid. This

formulation requires the determination of the gradient5φ in each cell. Finally, the gradient

5φ is limited so that no new maxima or minima are introduced.

3.3.2 Temporal Discretization Scheme

In the explicit scheme a multi-stage, time-stepping algorithm is used to discretize the time

derivative in Equation (2.19).

The solution is advanced from iteration n to iteration n+1 with an m-stage Runge-Kutta

scheme, given by

Q0 = Qn

4Qi = −αi 4 tΓ−1Ri−1

Qn+1 = Qm

where ∆Qi ≡ Qi − Qn and i = 1, 2, . . . ,m is the stage counter for the m-stage scheme.

αi is the multi-stage coefficient for the ith stage. The residual Ri is computed from the

intermediate solution Qi and, for Equation 2.19, is given by

Ri =
Nfaces∑

F (Qi) · dA (3.5)
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For transient simulations, the governing equations must be discretized in both space and

time. The spatial discretization for the time-dependent equation is identical the steady-

state case. Temporal discretization involves the integration of every term in the differential

equations over a time step4t. The integration of the transient terms is the straight forward,

as shown below:

∂φ

∂t
= F (φ) (3.6)

where the function F incorporates any spatial discretization. If the time derivative is

discretized using forward differences, the first-order accurate temporal discretization is given

by

φn+1 − φn

4t
= F (φn) (3.7)

and the second-order discretization is given by

3φn+1 − 4φn + φn−1

24 t
= F (φn) (3.8)

where

φ = a scalar quantity

n+ 1 = value at the next time level, t+4t

n = value at the current time level, t

n− 1 = value at the previous time level, t−4t

Unsteady shock waves are generated in this research, so an explicit fourstage Runge-

Kutta method is chosen (see above).

The time step 4t is restricted to the stability limit of the Courant-Friedrich-Lewy con-

dition. In order to be time-accurate, all cells in the domain must use the same time step.

For stability, this time step must be the minimum of all the local time steps in the domain.

This method is also referred to as ”global time stepping”. To maintain time accuracy of the

solution the explicit time stepping employs the same time step in each cell of the domain

(global time step).
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3.4 Numerical Grid Generation

Grid sizing is chosen based on solution accuracy and computational effort. Grid density

in increased until it does not significantly affect the solution. This procedure will ensure

independence between grid sizing and solution accuracy.

The grid generation code is Gambit. The physical domain is divided into nine zones.

Figure 3.4 shows this structured algebraic configuration. Figure 3.3 is the total meshed

domain generated by Gambit. In Figure 3.4, AL and LK are defined as inlet flow boudaries.

AB, BC, CD, DE, EF, FG, GH, HI, IJ, and JK are defined as outlet flow boudaries. There

are 70074 nodes in the meshed domain figure. In boundaries MN, NO, OP and PM (airfoil

zone), there are 324 mixed wall (boundary condition type in FLUENT) faces altogether. In

the outlet flow boundaries, mixed pressure-far-field (boundary condition type in FLUENT)

faces are numbered 1074 totally. Mixed pressure-far-field faces are counted 150 in the inlet

flow boundaries. There are 69300 quadrilateral cells in the whole mesh domain except

airfoil, which is described in Figures 3.2, 3.3 and 3.4.

Figure 3.1: Geometrical configuration of the problem description
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Figure 3.2: The meshed domain of MPIJ

3.5 Calculation Procedure at Boundaries

In this case, the calculation procedures in each inflow or outflow boundary are the same.

This boundary condition is a non-reflecting boundary condition based on the introduction

of Riemann invariants (i.e., characteristic variables) for a one-dimensional flow normal to

the boundary. For flow there are two Riemann invariants, corresponding to incoming and

outgoing waves:

R∞ = vn∞ −
2c∞
γ − 1

(3.9)

Ri = vni +
2ci
γ − 1

(3.10)

where vn is the velocity magnitude normal to the boundary, c is the local speed of sound
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Figure 3.3: The meshed domain of MPIJ

and γ is the ratio of specific heats (ideal gas). The subscript ∞ refers to conditions being

applied at infinity (the boundary conditions), and the subscript i refers to conditions in the

interior of the domain (i.e., in the cell adjacent to the boundary face). These two invariants

can added and subtracted to give the following two equations:

vn =
1

2
(Ri +R∞) (3.11)

c =
γ − 1

4
(Ri −R∞) (3.12)

where vn and c become the values of normal velocity and sound speed applied on the

boundary. At a face through which flow exits, the tangential velocity components and

entropy are extrapolated from the interior; at an inflow face, these are specified as having
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Figure 3.4: The meshed domain of LMJK

free-stream values. Using the values for vn, c, tangential velocity components, and entropy,

the values of density, velocity, temperature, and pressure at the boundary face can be

calculated.

During the calculation, the filament is added in the inlet flow boundaries. The code

to generate the filament was developed in this case. And UDF (User Defined Function in

FLUENT) was used to deal with the filament addition. The original filament generation

code was written in C++.

3.6 Code Validation

To make sure the correctness and accuracy of numerical results, the simplest method is to

compare results with the theoretical results. For convenience, an illustrated example is the
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case with no filament at the inlet boundary. The numerical solutions are shown in Figure

3.5

(a) Pressure contour of numerical solu-
tion without filament

(b) Mach Number contour of numerical
solution without filament

(c) Temperature contour of numerical
solution without filament

Figure 3.5: Contours of numerical solution with no energy deposition in the flow inlet
boundary

As for the theoretical results, some general results can be predicted. In the no energy

deposition case, the first oblique shock wave would be generated in the Point M. Prandtl

Meyer expansion is to appear in Point N and P. At last, the second oblique shock wave

occurs in Point O (M, N, P and O can be seen in Figure 3.4).

The variables with subscript 1 are parameters for the upstream flow before shock wave.

The variables with subscript 2 are for the downstream after shock wave. β is the angle of
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the shock wave, and angle θ is flow deflection angle.

The oblique shock relations can be summarized below [35], [36]:

ρ2
ρ1

=
(γ + 1)M2

1 sin2 β

(γ − 1)M2
1 sin2 β + 2

(3.13)

p2
p1

= 1 +
2γ

γ + 1
(M2

1 sin2 β − 1) (3.14)

T2
T1

= [1 +
2γ

γ + 1
(M2

1 sin2 β − 1)][
(γ − 1)M2

1 sin2 β + 2

(γ + 1)M2
1 sin2 β

] (3.15)

M2
2 sin2(β − θ) =

(γ − 1)M2
1 sin2 β + 2

2γM2
1 sin2 β − (γ − 1)

(3.16)

cot θ = tanβ[
(γ + 1)M2

1

2(M2
1 sin2 β − 1)

− 1] (3.17)

The angle υ is the Prandtl-Meyer function,

where

υ(M) =

√
γ + 1

γ − 1
arctan

√
γ − 1

γ + 1
(M2 − 1)− arctan

√
M2 − 1 (3.18)

The expression may be integrated between two states before and after expansion to yield

θw = υ(M2)− υ(M1) (3.19)

θw is a positive amount by which the flow is turned by the Prandtl-Meyer expansion.

Given the upstream Mach number M1 and θw, the downstream Mach number M2 can

be obtained from Equation 3.19. Since the expansion is isentropic, the downstream static

temperature, presure and density can be obtained from Equations (3.20), (3.21) and (3.22),

respectively.

TO = T [1 +
(γ − 1)

2
M2] (3.20)
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pO = p[1 +
γ − 1

2
M2]γ/(γ−1) (3.21)

ρO = ρ[1 +
γ − 1

2
M2]1/(γ−1) (3.22)

The variables with subcript O are the parameters in the stagnation point.

A sketch of the theoretical solution is shown in Figure 3.6.

Figure 3.6: Theoretical solution with no energy deposition

The theoretical solution and the numerical solution are shown in Tables 3.1 and 3.2.

When compared with the results of Table 3.1 and 3.2, the theoretical solution and

numerical solution show close agreement. This indicates that the computed results have

enough accuracy and correctness. In region 2, the static pressure, static temperature and

Mach number are within 1% of the theoretical values. In region 3, the static pressure, static

temperature and Mach number are within 1.2% of the theoretical values. In region 4, the

static pressure, static temerature and Mach number are within 1% of the theoretical values.
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Table 3.1: Theoretical solution
Mach number Pressure Temperature

M1 = 2 P1 = 101325Pa T1 = 300K
M2 = 1.641 P2 = 172919.061Pa T2 = 351.045K
M3 = 2.371 P3 = 55854.375Pa T3 = 254.178K
M4 = 1.974 P4 = 101619.711Pa T4 = 303.454K
M2
M1

= 0.821 P2
P1

= 1.707 T2
T1

= 1.170
M3
M1

= 1.186 P3
P1

= 0.551 T3
T1

= 0.847
M4
M1

= 0.987 P4
P1

= 1.003 T4
T1

= 1.012

Table 3.2: Numerical solution
Mach number Pressure Temperature

M1 = 2 P1 = 101325Pa T1 = 300K
M2 = 1.637 P2 = 174666.031Pa T2 = 352.122K
M3 = 2.390 P3 = 55135.952Pa T3 = 254.562K
M4 = 1.971 P4 = 102630.117Pa T4 = 302.421K
M2
M1

= 0.819 P2
P1

= 1.724 T2
T1

= 1.174
M3
M1

= 1.195 P3
P1

= 0.544 T3
T1

= 0.849
M4
M1

= 0.986 P4
P1

= 1.013 T4
T1

= 1.008
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Chapter 4

Results

4.1 Results for the Numerical Simulation without Energy Deposition in

the Inlet Boundary

4.1.1 Parameters of Flow Field Analysis

In this type of case, the whole flowfield in the domain is studied. No filament was added

in the simulation. Figures 4.1, 4.2 and 4.3 show Mach number, pressure and temperature

variations with time beginning with a uniform flow initial condition throughout the flow-

field. It can be seen that the first shock wave, Prandtl-Meyer expansion, and the second

shock wave are formed. The enlarged density contours with instantaneous streamlines and

numerical schlieren are shown in Figures 4.4 and 4.5.

In the contour figures, Mach number, pressure, temperature vary significantly due to

the shock wave and expansion. With the observation in the contours, we can conclude that:

1. The first oblique shock is formed at the front point of the diamond-shaped airfoil body

with the flow.

2. The expansion fan is formed over the corner of the diamond-shaped airfoil.

3. The second oblique shock is formed at the end point of the diamond-shaped airfoil.

4. The Mach number decreases after the shock wave and increases through the expansion.

5. Pressure and temperature are just the contrary, i.e., increasing after the shock, and

then decreasing in the expansion.

6. The numerical results of Mach number, pressure, temperature agree with the theoret-

ical results (Chapter 3.6).
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7. In the numerical schlieren contour, there are an obvious ”X”-shaped and bar-shaped

white colour shadow. They represent weak waves reflected from the upper and lower

boundaries. However, it is evident that these waves do not impinge upon the airfoil,

and therefore do not affect the calculation of the drag coefficient.

4.1.2 Drag Coefficient Analysis

The airfoil drag coefficient is an important performance index. According to the nondimen-

sionlized numerical simulation in this research, the drag coefficient is analyzed. Figure 4.6

shows a schematic of the drag force on the airfoil. As a first step of analysis, the accuracy

of the drag coefficient prediction is analyzed. The variables p2 and p3 are the pressures

after the first shock wave and after the expansion on the airfoil, respectively (Figure 3.6).

According to the analysis above (Chapter 4.1.1), p2 is greater than p3, thus generating a

drag force. In FLUENT, the calculation method for drag coefficient is Equation (4.1), which

is the same method used in the theoretical result.

Cd = drag force
1
2
ρ∞U2

∞c

=
p2(

t
2
)∗2−p3( t

2
)∗2

1
2
ρ∞U2

∞c

= (p2−p3)t
1
2
ρ∞U2

∞c

=
p∞(

p2
p∞
− p3

p∞
)t

1
2
ρ∞U2

∞c

= 2
γM2

∞

t
c(

p2
p∞
− p3

p∞
) (4.1)

The theoretical drag coefficient is shown in Table 4.1, and Figure 4.7. Figure 4.7 indicates

that drag coefficient decreases with increasing Mach number. The calculated result for Mach

= 2 flow using the FLUENT code is:

drag coefficient = 0.0742

The accuracy of the numerical results for drag coefficient (Mach 2, without filament):

(0.0742− 0.0728)/0.0728 = 0.019 (4.2)
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.1: Eight Mach number contours for process of simulation case without energy
deposition
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.2: Eight pressure contours for process of simulation case without energy deposition
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.3: Eight temperature contours for process of simulation case without energy de-
position
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.4: Eight enlarged density contours for process of simulation case without energy
deposition
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.5: Eight enlarged numerical schlieren contours for process of simulation case with-
out energy deposition
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Figure 4.6: Schematic sketch of drag force distribution on the airfoil

Table 4.1: Theoretical results of drag coefficient
Mach number drag coefficient

1.44 0.1376
1.45 0.1331
1.47 0.1265
1.5 0.1192
1.55 0.1102
1.60 0.1032
1.65 0.0975
1.70 0.0926
1.75 0.0883
1.80 0.0845
1.85 0.0812
1.90 0.0781
1.95 0.0753
2.00 0.0728
2.05 0.0704
2.10 0.0683
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Figure 4.7: Theoretical drag coefficient (no filament)

From Equation (4.2), the accuracy of numerical calculation is within 2%. This is considered

acceptable for this research since energy deposition would need to achieve an order of

magnitude larger change on drag coefficient to be considered effective. In other words, we

are looking to see if we can achieve drag coefficient reduction of 20% of more by the pulsed

filament.

In the cases with filaments added, the same numerical methods and the grid are used

with the case without filaments. The drag coefficient in the cases with filaments is estimated

to be accurate within 2%.

4.2 Infinitely Long Symmetric Filament

4.2.1 Parameters of Flow Field Analysis

Table 4.2: Infinitely Long Symmetric Filament
Type Description d

t
l
t

L
t

h
t

infinitely long symmetric filament 0.10 0.25 ∞ n/a 0
0.50 1.00
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The results presented in this section are the four cases with infinitely long symmetric

symmetric filament of different heights (dt = 0.10, 0.25, 0.50, 1.00). The evolution of the flow

is examined by the Mach number, pressure, temperature, density field along with numerical

schlieren images (Figures 4.8 to 4.27).

4.2.2 Case 1 (d
t
= 0.10)

Figures 4.8 to 4.12 show the main regions of the flow development in time, which are similar

to Figures 4.1 to 4.5:

1. The first shock is formed at the front point of the diamond-shaped airfoil body with

the flow.

2. The expansion fan is formed over the corner of the diamond-shaped airfoil.

3. The second shock is formed at the end point of the diamond-shaped airfoil.

4. Mach number will decrease after the shock wave and increases through the expansion.

5. Pressure and temperature are just on the contrary, increasing after the shock, and

then decreasing in the expansion.

The infinitely long symmetric filament with d
t = 0.10 can be seen in Figures 4.8 to 4.12

except in Figure 4.9. The filament passes over the diamond-shaped airfoil as can be observed

clearly in Figure 4.12. And the changes in the regions of filament can be concluded:

1. Mach number will decrease after the shock wave and increases through the expansion

in the filament region.

2. Pressure and temperature are just on the contrary, increasing after the shock, and

then decreasing in the expansion in the filament.

3. The progressive contact formed where two flows of different density and temperature

meet.

Overall, the filament has a very small effect on the flowfield compared to the no filament

case. Tecplot is used to get all the figures in this thesis. Tecplot generates all the figures
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with colour continuing. So it’s the reason why there is pregresive contact formed between

the filament and freestream flow. In the case d
t = 0.10 case, the filament is too thin to see

the center part of filament, thus, the temperature of the filament looks lower than 600K.

And colour bar is more helpful to find the temperature of the filament.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.8: Six Mach number contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.10)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.9: Six pressure contours for the flow simulation with the infinitely long symmetric
filament (dt = 0.10)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.10: Six temperature contours for the flow simulation with the infinitely long sym-
metric filament (dt = 0.10)



49

(a) (b)

(c) (d)

(e) (f)

Figure 4.11: Six enlarged density contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.10)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.12: Six enlarged density contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.10)
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4.2.3 Case 2 (d
t
= 0.25)

In Figures 4.13 to 4.17, the results with infinitely long symmetric filament with d
t = 0.25

are described. The analysis of main regions of flow and filament can be concluded to be

similar to Chapter 4.2.2. The filament is broader in this case, so the phenomenon is more

evident. The filament height increases across the expansion (point N and P in Figure 3.4)

and decreases across the trailing edge shock (point O in Figure 3.4).

4.2.4 Case 3 (d
t
= 0.50)

In Figures 4.18 to 4.22, the results with infinitely long symmetric filament with d
t = 0.50 are

described. The conclusion obtained in Chapter 4.2.2 and Chapter 4.2.3 are verified again

here. In Figure 4.22, the first oblique shock wave almost changing to the normal shock in

the filament region is observed. From NACA 1135, for Mf = 1.414 (Table 2.4) and δ = 10◦,

there is no attached shock possible. Thus, a normal shock has formed near the leading edge

of the diamond-shaped airfoil. Actually, the ”normal shock” would be a detached shock,

but appears to be ”attached” shock due to the finite size of the grid cells.

In temperature contours, the temperature bar is more clear to explain the colour change

of the filament (the temperature is 600K, but diffirence of the colour).

4.2.5 Case 4 (d
t
= 1.00)

Because d
t = 1.00, the infinitely long symmetric filament is widest in this section and

the results in figures are most clear. The conclusion for the interaction of infinitely long

symmetric filament with the 2-D diamond-shaped airfoil as follows:

1. The first shock is formed at the front point of the diamond-shaped airfoil body with

the flow.

2. The expansion fan is formed over the corner of the diamond-shaped airfoil.

3. The second shock is formed at the end point of the diamond-shaped airfoil.

4. The Mach number decreases after the shock wave and increases through the expansion

both in the flow and filament region.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Six Mach number contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.25)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.14: Six pressure contours for the flow simulation with the infinitely long symmetric
filament (dt = 0.25)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.15: Six temperature contours for the flow simulation with the infinitely long sym-
metric filament (dt = 0.25)



55

(a) (b)

(c) (d)

(e) (f)

Figure 4.16: Six enlarged density contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.25)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.17: Six enlarged numerical schlieren contours for the flow simulation with the
infinitely long symmetric filament (dt = 0.25)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.18: Six Mach number contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.50)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.19: Six pressure contours for the flow simulation with the infinitely long symmetric
filament (dt = 0.50)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.20: Six temperature contours for the flow simulation with the infinitely long sym-
metric filament (dt = 0.50)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.21: Six enlarged density contours for the flow simulation with the infinitely long
symmetric filament (dt = 0.50)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.22: Six enlarged numerical schilieren contours for the flow simulation with the
infinitely long symmetric filament (dt = 0.50)



62

5. Pressure and temperature are just on the contrary, increasing after the shock, and

then decreasing in the expansion both in the flow and filament region.

6. The progressive contact formed where two flows of different density and temperature

meet.

7. A concave formed gradually in the filament after the second weak shock formed be-

cause the stripping-shaped numerical error. The stripping-shaped numerical error is

due to the reflection of the flow on the CD and IH boundaries.

8. An almost ”normal shock” has formed near the leading edge of the diamond-shaped

airfoil in the filament region. This is true for all four cases, but is apparent in the

contours plots for the thicker filament only (the normal shock in the case with d
t = 1.00

is most apparent). Actually, the ”normal shock” would be a detached shock, but

appears to be ”attached” shock due to the finite size of the grid cells.

9. The filament (in higher temperature and lower density region) makes the angle of the

expansion fan bigger.

4.2.6 Drag Coefficient Analysis for Infinitely Long Symmetric Filament

Added

FLUENT calculates the instantaneous drag coefficient on the airfoil. Figures 4.29 and 4.30

shows the computed results of the drag coefficient in all the four cases by the flowtime. It

is observed that the drag coefficient tends to a stable value. Thus, the average value of all

the drag coefficient data from 700 times to 1200 times can regarded as reasonable value

for each case. Table 4.3 and Figure 4.28 show the computed results of the drag coefficient

with four different types of infinitely long symmetric filaments. The table and the figure

demonstrated that drag coefficient is reduced slightly within increasing filament heights;

however, the variation is within the uncertainty of the numerical simulations and therefore

the drag coefficient is effectively constant. The difference in average drag coefficient between

the d
t = 0.10 and d

t = 1.00 cases is 3.8%.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.23: Six Mach number contours for the flow simulation with the infinitely long
symmetric filament (dt = 1.00)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.24: Six pressure contours for the flow simulation with the infinitely long symmetric
filament (dt = 1.00)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.25: Six temperature contours for the flow simulation with the infinitely long sym-
metric filament (dt = 1.00)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.26: Six enlarged density contours for the flow simulation with the infinitely long
symmetric filament (dt = 1.00)
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(a) (b)

(c) (d)

(e) (f)

Figure 4.27: Six enlarged numerical shilieren contours for the flow simulation with the
infinitely long symmetric filament (dt = 1.00)



68

Table 4.3: Average results of drag coefficient in the simulation with infinitely long filament
d
t drag coefficient

0.10 0.0754
0.25 0.0749
0.50 0.0743
1.00 0.0725

Figure 4.28: Computed average values of drag coefficient in the simulation with infinitely
long symmetric filament
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(a) d
t

= 0.10

(b) d
t

= 0.25

Figure 4.29: Computed drag coefficient with flow time (infinitely long symmetric filament)
1
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(a) d
t

= 0.50

(b) d
t

= 1.00

Figure 4.30: Computed drag coefficient with flow time (infinitely long symmetric filament)
2
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4.3 Symmetric Pulsed Filament

4.3.1 Parameters of Flow Field Analysis

Table 4.4: Symmetric Pulsed Filament
Type Description d

t
l
t

L
t

h
t

pulsed filament (symmetric) 0.10 0.25 1 2 0
0.50 1.00

The length of each filament and the distance between consecutive filaments is constant.

The position of the filament relative to the airfoil is symmetric.

Figure 4.31 to 4.50 are the Mach number, pressure, temperature, enlarged density con-

tours with numerical schlieren images for these four different diameter pulsed filament cases.

4.3.2 Case 1 (d
t
= 0.10)

The results presented in this section is the first case of the studying the interaction of

a symmetric pulsed filament. Figures 4.31 to 4.35 shows the process of the first shock,

expansion fan and the second shock formed and the change of the pressure, Mach number,

density in the flow region. The symmetric pulsed filament with d
t = 0.10 is formed and

there is progressional contact between the flow and the filament.

4.3.3 Case 2 (d
t
= 0.25)

In this section, the symmetric pulsed filament is wider, so we can observe something more

clearly. In the second weak shock region, the shape of filament changed from rectangle to

bullet-shaped.
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.31: Six Mach number contours for the flow simulation with the symmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.32: Six pressure contours for the flow simulation with the symmetric pulsed fila-
ment (dt = 0.10)



74

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.33: Six temperature contours for the flow simulation with the symmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.34: Six enlarged density contours for the flow simulation with the symmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.35: Six enlarged numerical schilieren contours for the flow simulation with the
symmetric pulsed filament (dt = 0.10)



77

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.36: Six Mach number contours for the flow simulation with the symmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.37: Six pressure contours for the flow simulation with the symmetric pulsed fila-
ment (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.38: Six temperature contours for the flow simulation with the symmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.39: Six enlarged density contours for the flow simulation with the symmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.40: Six enlarged numerical schilieren contours for the flow simulation with the
symmetric pulsed filament (dt = 0.25)
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4.3.4 Case 3 (d
t
= 0.50)

In this section, except we can observe the conclusions observed in the sections above more

clearly, and more features can be seen:

1. An almost ”normal shock” has formed near the leading edge of the diamond-shaped

airfoil (similar to Chapter 4.2.4).

2. The filament (higher temperature and lower density region) makes the angle of the

expansion fan bigger.

4.3.5 Case 4 (d
t
= 1.00)

All the features of the flow and filament can be observed, because all the figures in this

section is most clear:

1. The first oblique shock is formed at the front point of the diamond-shaped airfoil body

with the flow.

2. The expansion fan is formed over the corner of the diamond-shaped airfoil.

3. The second oblique shock is formed at the end point of the diamond-shaped airfoil.

4. The symmetric pulsed filament is formed.

5. The Mach number decreases after the shock wave and increases through the expansion

both in the flow and filament region.

6. The pressure and temperature are just on the contrary, i.e., increasing after the shock,

and then decreasing in the expansion both in the flow and filament region .

7. The progressional contact formed between the flow and the filament

8. An almost ”normal shock” has formed near the leading edge of the diamond-shaped

airfoil. This is true for all four cases, but is apparent in the contours plots for the

thicker filament only (the normal shock in the case with d
t = 1.00 is most apparent).

Actually, the ”normal shock” would be a detached shock, but appears to be ”attached”

due to the finite size of the grid cells.
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.41: Six Mach number contours for the flow simulation with the symmetric pulsed
filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.42: Six pressure contours for the flow simulation with the symmetric pulsed fila-
ment (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.43: Six temperature contours for the flow simulation with the symmetric pulsed
filament (dt = 0.50)



86

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.44: Six enlarged density contours for the flow simulation with the symmetric pulsed
filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.45: Six enlarged numerical schilieren contours for the flow simulation with the
symmetric pulsed filament (dt = 0.50)
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9. The filament (higher temperature and lower density region) makes the angle of the

expansion fan bigger.

10. The streamwise distortion of the filament following the second shock is quite apparent.

This is due to the variation in arrival time of the front face of the filament at the shocks.

4.3.6 Drag Coefficient Analysis for Symmetric Pulsed Filament Added

Figure 4.52 shows the numerical values of the drag coefficient with time flow in four different

types of heights of filaments by the flow time. The values of the drag coefficient calculated

for the symmetric pulsed filament cases using FLUENT coding are instantaneous. The

flow field is unsteady due to the pulsed filament. Thus, the results of the drag coefficient

vary in time in Figures 4.52 and 4.53. Actually, it is observed that the curve varied more

when the height of the filament is larger. Table 4.5 and Figure 4.51 shows the average

values of calculated drag coefficients (Average drag coefficient after the time steps 750). It

is concluded that drag coefficient decreases slightly with d
t increasing, i.e., the height of the

filament increasing. The difference in average drag coefficient between the d
t = 0.10 and

d
t = 1.00 cases is 5.8%

Table 4.5: Average results of drag coefficient in the simulation with symmetric pulsed
filament

d
t drag coefficient

0.10 0.0753
0.25 0.0748
0.50 0.0731
1.00 0.0709
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.46: Six Mach number contours for the flow simulation with the symmetric pulsed
filament (dt = 1.00)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.47: Six pressure contours for the flow simulation with the symmetric pulsed fila-
ment (dt = 1.00)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.48: Six temperature contours for the flow simulation with the symmetric pulsed
filament (dt = 1.00)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.49: Six enlarged density contours for the flow simulation with the symmetric pulsed
filament (dt = 1.00)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.50: Six enlarged numerical schilieren contours for the flow simulation with the
symmetric pulsed filament (dt = 1.00)
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Figure 4.51: Computed average values of drag coefficient in the simulation with symmetric
pulsed filament
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(a) d
t

= 0.10

(b) d
t

= 0.25

Figure 4.52: Computed drag coefficient with flow time (symmetric pulsed filament) 1
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(a) d
t

= 0.50

(b) d
t

= 1.00

Figure 4.53: Computed drag coefficient with flow time (symmetric pulsed filament) 2
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4.4 Asymmetric Pulsed Filament

4.4.1 Parameters of Flow Field Analysis

Table 4.6: Asymmetric Pulsed Filament
Type Description d

t
l
t

L
t

h
t

pulsed filament (symmetric) 0.10 0.25 1 2 0.25
0.50 1.00

The length of each filament and the distance between consecutive filaments are constant.

The position of the filament relative to airfoil is asymmetric. In the conditions of d
t =

0.10, d
t = 0.25, and d

t = 0.50, the filament would pass over the airfoil in upper region.

Furthermore, there are some distance between filament and airfoil when d
t = 0.10 and

d
t = 0.25.

Figures 4.54 to 4.73 are the Mach number, pressure, temperature and enlarged density

contours with numerical schlieren images for these four different diameter pulsed filament

cases.

4.4.2 Case 1 (d
t
= 0.10)

From Figures 4.54 to 4.58, the asymmetric pulsed filament is added into the flow region.

Figures 4.54 and 4.56 show the series of filaments without deformed are above the stripping-

shaped numerical error in the second weak shock, which point to the the influence of

stripping-shaped numerical error mentioned in Chapters 4.2 and 4.3.

4.4.3 Case 2 (d
t
= 0.25)

It points out that the filaments deformed after expansion in Figures 4.59 to 4.63. In Figure

4.63, there are curves formed in the filament after the expansion fan.
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.54: Six Mach number contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.55: Six pressure contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.56: Six temperature contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.57: Six enlarged density contours for the flow simulation with the asymmetric
pulsed filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.58: Six enlarged numerical schilieren contours for the flow simulation with the
asymmetric pulsed filament (dt = 0.10)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.59: Six Mach number contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.60: Six pressure contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.61: Six temperature contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.62: Six enlarged density contours for the flow simulation with the asymmetric
pulsed filament (dt = 0.25)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.63: Six enlarged numerical schilieren contours for the flow simulation with the
asymmetric pulsed filament (dt = 0.25)
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4.4.4 Case 3 (d
t
= 0.50)

Figures 4.66 and 4.66 shows the influence of the stripping numerical error on the filaments

very clear. Figures 4.67 and 4.68 shows the bigger deformation and larger cueves of fila-

ments.

4.4.5 Case 4 (d
t
= 1.00)

Because d
t = 1.00, the series of pulsed filaments would pass over the airfoil in this case.

Interesting deformed irregular ”bullet”-shaped filaments can be seen in Figures 4.69 to

4.73.

Some common features can be observed during the interaction:

1. The first shock is formed at the front point of the diamond-shaped airfoil body with

the flow.

2. The expansion fan is formed over the corner of the diamond-shaped airfoil.

3. The second shock is formed at the end point of the diamond-shaped airfoil.

4. Asymmetric pulsed filament is formed.

5. Mach number will decrease after the shock wave and increases through the expansion

both in the flow and filament region.

6. Pressure and temperature are just on the contrary, increasing after the shock, and

then decreasing in the expansion both in the flow and filament region .

7. The progressional contact formed between the flow and the filament

8. In the Figures 4.69 to 4.73, the ”almost normal shock” is observed in the leading edge

of the airfoil. Like analysis in the sections above, the ”normal shock” should be the

detached shock, but appears to be ”attached” due to the finite size of the cells.

9. The filament (higher temperature and lower density region) makes the angle of the

expansion fan bigger.



109

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.64: Six Mach number contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.65: Six pressure contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.66: Six temperature contours for the flow simulation with the asymmetric pulsed
filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.67: Six enlarged density contours for the flow simulation with the asymmetric
pulsed filament (dt = 0.50)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.68: Six enlarged numerical schilieren contours for the flow simulation with the
asymmetric pulsed filament (dt = 0.50)
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10. The streamwise distortion of the filament following the second shock is quite apparent.

This is due to the variation in arrival time of the front face of the filament at the shocks.
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.69: Six Mach number contours for the flow simulation with the asymmetric pulsed
filament (dt = 1.00)



116

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.70: Six pressure contours for the flow simulation with the asymmetric pulsed
filament (dt = 1.00)



117

4.4.6 Drag Coefficient Analysis for Asymmetric Pulsed Filament Added

The computed drag coefficient of four different types of the asymmetric filaments with flow

time are shown in Figures 4.75 and 4.76. It also can be observed the regular curved lines in

the figure, i.e, the value computed in the FLUENT coding for asymmetric pulsed filament

is instantaneous. But the curved diffrences among the diffirent types of the filament are

not so evident like the symmetric pulsed filament. Table 4.7 and Figure 4.74 show the

average values of the calculated results of the drag coefficient for all four cases (Average

drag coefficient after the time steps 750). The drag coefficient will decrease as the height

of the filaments increases. The difference in average drag coefficient between the d
t = 0.10

and d
t = 1.00 cases is 4.0%.

Table 4.7: Average results of drag coefficient in the simulation with asymmetric pulsed
filament

d
t drag coefficient

0.10 0.0741
0.25 0.0736
0.50 0.0727
1.00 0.0711
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 1 = 750 time steps (f) in the 900 time steps

Figure 4.71: Six temperature contours for the flow simulation with the asymmetric pulsed
filament (dt = 1.00)
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(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.72: Six enlarged density contours for the flow simulation with the asymmetric
pulsed filament (dt = 1.00)



120

(a) in the 150 time steps (b) in the 300 time steps

(c) in the 450 time steps (d) in the 600 time steps

(e) in the 750 time steps (f) in the 900 time steps

Figure 4.73: Six enlarged numerical schilieren contours for the flow simulation with the
asymmetric pulsed filament (dt = 1.00)



121

Figure 4.74: Computed average values of drag coefficient in the simulation with asymmetric
pulsed filament
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(a) d
t

= 0.10

(b) d
t

= 0.25

Figure 4.75: Computed drag coefficient with flow time (asymmetric plused filament) 1
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(a) d
t

= 0.50

(b) d
t

= 1.00

Figure 4.76: Computed drag coefficient with flow time (asymmetric plused filament) 2
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Figure 4.77: Comparisons of the computed average values of drag coefficient in the same d
t

cases with three different types of filaments (infinitely long symmetric, symmetric pulsed,
asymmetric pulsed)

4.5 Results among infinitely long Filament, Symmetric Pulsed Filament

and Asymmetric Pulsed Filament

Figure 4.77 compares the average values of the drag coefficient in the same d
t cases with

different types of the filaments (infinitely long symmetric, symmetric pulsed and asymmetric

pulsed).

The conclusions may be summarized for all the results analysis in the above sections:

1. In the infinitely long filament cases, the value of the drag coefficient calculated in

FLUENT coding is constant. However, for the pulsed filament cases, the computed

results of the drag coefficient are unsteady and periodic.

2. All types of the filaments reduce the drag coefficient slightly with the d
t increasing.

3. The percentage of the reduction for the drag coefficient with d
t = 1.00, which is com-

pared to the no filament case, are 2.3%, 4.6% and 4.2% for the infinitely long symmet-

ric filament, symmetric pulsed filament and asymmetric pulsed filament, respectively.

For symmetric pulsed and asymmetric pulsed cases, the results are effectively identical

since the accuracy is ±2%.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Inviscid compressible supersonic flow over a two dimensional symmetric diamond-shape

airfoil is studied in this research. Energy deposition is added at the inflow boundary in the

simulation. The Mach number, pressure, temperature are obtained in both theoretical and

numerical methods. The drag coefficient is also calculated.

In the simulation, the first oblique shock wave is formed at the left beginning point of

the airfoil; the Prandtl-Meyer Expansion is formed at the two center convex points; and

the second oblique shock wave is formed at the right end point of airfoil. Pressure and

temperature increase after the shock wave and decrease after the expansion. Mach number

is opposite.

Energy deposition added at the inflow boundary can be divided into three different types

of filaments: infinitely long symmetric, symmetric pulsed, and asymmetric pulsed. In every

type filament condition, there are four types of diameters for filament: d
t = 0.10, d

t = 0.25,

d
t = 0.50, dt = 1.00. The temperature of filament is higher than the upstream; Mach number

is lower and pressure is the same. The filament can change the angle of shock wave and

expansion; and the filament in the condition of the larger d
t makes the more apparent of the

angle change. For Mf = 1.414 (Mach number of the filament) and δ = 10◦ (the half angle

of the airfoil), an almost ”normal shock” has formed near the leading edge of the diamond-

shaped airfoil in the filament region. This is true for all four cases, but is apparent in the

contours plots for the thicker filament only (the normal shock in the case with d
t = 1.00 is

most apparent). Actually, the ”normal shock” would be a detached shock, but appears to

be ”attached” shock due to the finite size of the grid cells. The streamwise distortion of

the filament following the second shock is quite apparent. This is due to the variation in
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arrival time of the front face of the filament at the shocks.

All types of the filaments (infinitely long symmetric, symmetric pulsed, asymmetric

pulsed) would reduce the drag coefficient with the height of the filament increasing.

5.2 Future Work

Inviscid flow analysis neglects the effect of viscosity on the flow. The example for which

an inviscid flow calculation is appropriate is an aerodynamic analysis of some high-speed

projectile. In a case like this, the pressure forces (drag force) on the airfoil will dominate the

viscous forces (like research work of Farzan [37] and Norton [38] [39]). Hence, an inviscid

analysis will give a quick estimate of the primary forces acting on the body. So in the future

work, a viscous analysis may be performed to include the effects of the fluid viscosity and

turbulent viscosity on the lift and drag forces.
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