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Introduction and Background
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Previous Investigations (Select)
Boundary Layers with Permeability

• Multiple studies have investigated the changes in turbulent boundary
layer statistics in the presence of permeable material

• Breugem (2007) performed DNS simulations within a channel flow
containing a single permeable wall
• Showed that the permeability in the wall led to a decrease in the viscous wall

shear stress causing an increase in the turbulent skin friction

• Manes (2011) experimentally investigated wall permeability within an
open turbulent channel
• Provided insight into how turbulence reacts with porous media
• Showed penetration of attached eddies and development of shear instabilities

• Dukhan (2006) experimentally investigated flow through porous material
as opposed to over it
• The reduction of static pressure due to flow through metal foam of different

porosities and pore densities was examined

• Pressure drop was significantly higher for lower porosities
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Previous Investigations (Select)
Boundary Layers with Permeability - Aeroacoustics

• There is very little experimental data on acoustic radiation from porous
turbulent boundary layers; however some similarity can be deduced from
wall roughness

• Hersh (1983) studied noise from a wall with roughness and found that the
efficiency of sound pressure increases as boundary layer thickness
decreases for a given roughness

• Howe (1991) used empirical models (wall wavenumber pressure spectrum)
to predict correlation between surface pressure and sound radiation for
smooth and rough walls

• Smith (2008) experimentally investigated the near-field pressure spectrum
dependent on wall roughness, concluding that wall pressure and surface
roughness noise are related by the wall pressure spectrum, the frequency
squared, and the mean-square roughness height

• Ffowcs-Williams (1972) examined acoustics from turbulence near liners
and found that at low Mach numbers, the liner increases sound radiated
through additional sound scattering
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Previous Scaling Analysis

Previous paper of Miller (AIAAJ 2017) we have 
showed scaling of TBL noise goes as

and within the far-field as 
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Mathematical 
Theory
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Theoretical Approach
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We solve, expand, convert to pressure, simplify, and obtain,
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Theoretical Approach
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We now group terms according to their contribution to the far-field, 
mid-field, and near-field,
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and the mid-field term is,

The near-field term is even larger.



Two-Point Cross-Correlation

June 2018 UF MAE, Elisha Pager, epager@ufl.edu 10

The model integrations are based upon a mixed Gaussian-exponentially 
decaying model of the two-point cross-correlation of the equivalent 
source
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We estimate the length scale within R by adopting the model of Efimtsov
(1982)
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where a1 = 0.1, a2 = 72.8, a3 = 1.54, and a4 = 6. The spanwise length 
scale uses an alternative set of coefficients, where a1 = 0.1, a2 = 548, a3 = 
13.5, and other values of ai remain the same



Final Model Equation
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The coefficient matrix Aijlm is

Aijlm ⇡ Pf⇢ ⇢0uiuj u0
lu

0
m,

And ! represents terms resulting from analytical integration of time 
and two cross-stream spatial coordinates
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The spectral density of acoustic pressure is



Star-CCM+ Steady RANS 
Simulations

• Commercial CFD solver

• Closed by Menter k-! shear stress transport turbulence model

• 100k-600k iterations per flow-field

• Ambient Mach number’s of 0.3, 0.5, 0.7, and 0.9

• Porosities X = 0.80, 0.85, 0.90, 0.95, and 1.0

• Constant liner depth of 0.1 m

• Zero pressure gradient
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• Imposed via additional term on RHS of momentum equation
• Modified with additional porous media source terms

• Porous material with isotropic properties

The porosity is defined as,

! = #$%&'(
#)%)*&,

The pressure gradient is modified using a modified form of Darcy’s law,

Where the permeability, kp, and coefficient + are,

The turbulent length scale, Dp, is approximated as the average porosity 
diameter within the porous region.

Porosity Model
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Porosity Model
A form of the Ergun equation is used as an empirical approximation of Darcy’s 
Law,

This is only applied in the porous region

The porous viscous tensor, Pv, and the porous inertial tensor, Pi, in the Ergun 
equation are,

And are used along with the porosity, X, and turbulent length scale, Dp, to define 
the porous model in Star CCM+
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Results
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M1 Rex xl [m] ⌧w [Pa] � [m] u⌧ [ms�1] �y1 Distance [m]
0.30 6.815⇥106 1 20.43 3.073⇥10�2 4.12 3.667⇥10�6

0.50 1.137⇥107 1 53.24 2.976⇥10�2 6.65 2.271⇥10�6

0.70 1.592⇥107 1 100.2 2.916⇥10�2 9.12 1.656⇥10�6

0.90 2.046⇥107 1 160.7 2.872⇥10�2 11.55 1.307⇥10�6
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Flow-Conditions
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M1 PtP�1
1 TtT�1

1
0.30 1.06443 1.01800
0.50 1.18621 1.05000
0.70 1.38710 1.09800
0.90 1.69130 1.16200

<latexit sha1_base64="JWKEje6kdG9rKhfoFeIopGC923A="></latexit><latexit sha1_base64="JWKEje6kdG9rKhfoFeIopGC923A="></latexit><latexit sha1_base64="JWKEje6kdG9rKhfoFeIopGC923A="></latexit><latexit sha1_base64="JWKEje6kdG9rKhfoFeIopGC923A="></latexit>

Steady RANS inlet boundary conditions

Theory based flow conditions



Porosity Cases Investigated
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M1 X h [m] Dp [m] Pi Pv

0.3 0.80 0.0 0 274.64 23.694
0.3 0.85 0.1 0.003 171.73 11.111
0.3 0.90 0.1 0.003 96.446 4.1602
0.3 0.95 0.1 0.003 41.002 0.8843
0.3 1.00 0.0 0 0 0
0.5 0.80 0.0 0 274.64 23.694
0.5 0.85 0.1 0.003 171.73 11.111
0.5 0.90 0.1 0.003 96.446 4.1602
0.5 0.95 0.1 0.003 41.002 0.8843
0.5 1.00 0.0 0 0 0
0.7 0.80 0.0 0 274.64 23.694
0.7 0.85 0.1 0.003 171.73 11.111
0.7 0.90 0.1 0.003 96.446 4.1602
0.7 0.95 0.1 0.003 41.002 0.8843
0.7 1.00 0.0 0 0 0
0.9 0.80 0.0 0 274.64 23.694
0.9 0.85 0.1 0.003 171.73 11.111
0.9 0.90 0.1 0.003 96.446 4.1602
0.9 0.95 0.1 0.003 41.002 0.8843
0.9 1.00 0.0 0 0 0
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Contours of M for M∞ = 0.90 and X = 1
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Contours of M for M∞ = 0.90 and X = 0.90

Porous Region



Example Residual History
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Variation of residual of field-variables for M∞ = 0.50 and X  = 1.



Example Residual History
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Variation of residual of field-variables for M∞ = 0.50 and X  = 0.95.



Variation of uU∞-1 in Outer Coordinates 
as Function of M∞ and X
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M∞ = 0.30 M∞ = 0.50

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall



Variation of uU∞-1 in Outer Coordinates 
as Function of M∞ and X
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M∞ = 0.70 M∞ = 0.90

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall



Variation of kc∞-2 in Outer Coordinates as 
Function of M∞ and X
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M∞ = 0.30 M∞ = 0.50

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall → Reduces the shear and TKE



Variation of kc∞-2 in Outer Coordinates as 
Function of M∞ and X
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M∞ = 0.70 M∞ = 0.90

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall → Reduces the shear and TKE



Comparison of the Non-Porous Predictions with the 
LES Predictions of Gloerfelt and Margnat
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Gloerfelt and Margnat (AIAA 2014)



Predictions of ΔdB SPL per unit f with 
Various M∞ and X
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M∞ = 0.30 M∞ = 0.50

ΔSPL = SPLnon-porous - SPLporous

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall → Reduces the shear and TKE → Reduces the SPL



Predictions of ΔdB SPL per unit f with 
Various M∞ and X
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M∞ = 0.70 M∞ = 0.90

ΔSPL = SPLnon-porous - SPLporous

Reverse trend caused by the smaller volumes of porous media accelerating 
the flow within the wall → Reduces the shear and TKE → Reduces the SPL



Summary and 
Conclusion
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Summary and Conclusion

• Porous velocity profiles are higher at the wall due to accelerated 
velocity induced by porous media
• Due to lack of no-slip condition and lower shear layer gradient 

• As porosity decreases the velocity decreases and approaches non-
porous profile due to more fluid residing in the porous region

• As porosity decreases the wall contains more fluid thus TKE 
increases

• This trend is a result of larger accelerations in porous materials 
causing a reduction in the shear portion of the boundary layer

• In general, the noise produced by boundary layer turbulence is 
lowered for X approaching unity

• As X approaches the non-porous case, ΔSPL approaches zero
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Thank You

Questions?
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Modeling the Equivalent Source
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Theoretical Approach
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1)Ṫ 0

lm

c1r02
+

3(1�M2
1)2T 0

lm

r03

#

�2rirj
rr

r0lM1,m

r0

"
T̈ij

c21r
+

3(1�M2
1)Ṫij
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where for example, 

and unfortunately A2, A3, and A4 are just as complicated!



M1 Rex xl [m] ⌧w [Pa] � [m] u⌧ [ms�1] �y1 Distance [m]
0.30 6.815⇥106 1 43.25 4.886⇥10�2 4.04 3.737⇥10�6

0.50 1.137⇥107 1 112.2 1.357⇥10�3 6.87 2.199⇥10�6

0.70 1.592⇥107 1 211.5 1.631⇥10�3 10.8 1.395⇥10�6

0.90 2.046⇥107 1 340.9 1.912⇥10�3 12.4 1.218⇥10�6
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Flow-Conditions
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Porous based flow conditions

Non-porous based flow conditions

M ! Rex xl [m] ⌧w [Pa] � [m] u! [ms" 1] ! y1 Distance [m]
0.30 6.815! 106 1 1.936! 10" 3 1.025! 10" 1 4.04 3.737! 10" 6

0.50 1.137! 107 1 3.053! 10" 3 1.006! 10" 1 6.87 2.199! 10" 6

0.70 1.592! 107 1 3.053! 10" 3 1.006! 10" 1 10.8 1.395! 10" 6

0.90 2.046! 107 1 3.053! 10" 3 1.006! 10" 1 12.4 1.218! 10" 6
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