
Contents

1. Introduction 11
1.1· State of the a r t .................................................................................. 13
1.2· Necessity and limitations of this w ork ............................................. 14
1.3. 。u t l i n e . . . . . · · · · · · · . · · · . . · · · . · · . · . · · · · . · .  15

2. Laminar Flow in Porous Meda 17
2.1. Effec^porous media on fluid f lo w ................................................. 18
2.2· Navier-Stokes equations 19
2.3. Volume-averaging ru les..................................................................... 19
2.4. Volume averaging of the Navier-Stokes equations . . . . . . . . . .  22
2.5. Closure models for the unknown terms of the volume-averaged equa-

tions .................................................................................................  25
2.5.1· Integrals over the surface of porous structure . . . . . . . .  25
2.5.2· Variance and correlations of fluctuation components . . . .  27
2.5.3· Density-weighted fluctuations..............................................  28

2.6. Summary of closed Navier.Stokes equations in porous media . . . .  29
2.7. Demonstration of computations of flow through a porous channel . 30
2.8. Interface treatment between porous and nonporous regions . . . .  31

2.8.1. Interface treatment of convective fluxes . . . . . . . . . . .  34
2.8.2· Interface treatment of diffusive fluxes............................ 38
2.8.3. Summary of interface conditions......................................... 45

2.9. Computation of integral forces acting on porous media . . . . . . .  47

3. Turbulent Flow ín Porous Meda 51
3.1. Classification of turbulent flow in porous media . . . . . . . . . . .  51
3.2. Reynolds-averaging........................................................................... 53
3.3. Turbulent Navier-Stokes equations ................................................. 54
3.4. Closed sorm of turbulent momentum . . . . . . . . . . .  55
3.5. Closed form of turbulent energy equation........................................  56
3.6. Derivation of Reynolds-stress equations..................................  58

3.6.1· Modelling of the Darcy term in the Reynolds-stress equations 60
3.6.2. Modelling of the Forchheimer term in the Reynolds-stress

equa tions.............................................................................  60

http://d-nb.info/1105401766


3.6.3· Modelling ofextra diffusion inside porous media . . . . . .  62
3.7· Derivation of turbulent dissipation-rate equation . . . . . . . . . . .  63
3.8. JHh٠ v2 Reynolds-stress m o d e l........................................... 69

3.8.1· Models for terms in Reynolds-stress equations of JHh־v2
turbulence m odel...................................................  70

3.8.2. Definition and modelling of the homogeneous turbulent dissipation-
rate e q u a tio n .........................................................  73

3.9. Decay of turbulence in a porous channel: an example . . . . . . . .  74
3.10. Wall distance over porous surfaces.....................................  74
3.11. Interface treatment in case of turbulent f lo w ................... 77

3.11.1· Interface conditions of flow variables sor turbulent flow . . 77
3.11.2· Interface conditions for the gradients in turbulent flow . . .  79

3.12. Computation of integral forces in case of turbulent flow . . . . . . .  84

4 . Implementation of Theoretical Equations into a Flow Solver 87
4.1. Implementation of Darcy and Forchheimer term into the flow solver 88
4.2. Flux computation across nonporous-porous interface area . . . . .  90

4.2.1· Restoring of the conservation of the fluxes at the interface. 91
4.2.2. Computation of artificial dissipation fluxes across the interface 93 
4.2.3· Correction of turbulent dissipation-rate for low-resolution

meshes...................................................................................  94
4.2.4. Computation of the numerical gradients at the ghost cells . 96

5 . Verification of the Theory and the Solver Implementation 99
5.1. Pressure drop and jump of flow quantities in a channel with porous

blockage............................................................................................  99
5.2. Velocity profile in laminar channel with porous bottom . . . . . . .  101
5.3. Limiting cases for the turbulent channel with porous bottom . . . . 104

6. Calibration and Validation of Models for Flow over Porous Media 109
6.1. Channel with porous bottom .............................................................  109

6.1.1. General numerical se tu p .................................................... I ll
6.1.2· Setup and results ofthe laminar channel case СШ -LAM . . 113
6.1.3· Numerical setup and results of the turbulent channel with

cubes (case 116 . . . . . . . . . . . . . . . . . . . . . . . . ס  י
6.1.4. Numerical setup and results of volume-averaged DNS chan-

nelcaseE 80......................................................................  126
6.2· DLR-F16 airfoil with a porous trailing ed g e ....................................... 127

6.2.1· Experimental se tu p ............................................................  127
6.2.2· Evaluation of experiments................................................. 132
6.2.3. Numerical setup ..................................................................  139



6.2.4. Numerical results..................................................................  144
6.2.5. Comparison of simulations and experiments . . . . . . . . .  145
6.2.6. Parameter sensitivities for numerical computations . . . . . 153

7. Conclusions and future work 157

A· Mathematical Relations 163
Α.Ι. Averaging a density-weighted averg^ ......................................  163
Α.2. Flux derivatives of triple correlations of velocity fluctuations . . . .  163

Bi Isentropic Flow Change only for Normal Velocity 165

c. Classification of Flow Through Porous Media 167
C.I. Relation between pore size ¿P and permeability ぱ . . . . . . . . . .  167
c . 2 .  Estimation of critical Reynolds number for turbulence living inside

p o re s .................................................................................................  169


