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Turbofan bypass ratio increasing to lower

Lower L/D, lower Ω, fewer blades ⇒ greater 
broadband component with less “real estate”
More effective use of space
Improved eduction methodologies

Traditional Application
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Project: Liner eduction methodology using large-eddy simulation

Motivation

Turbofan bypass ratio is increasing (lower U8
j )

engine manuf. application bypass ratio

JT8D-15A PW 727, 737, DC9 1.04

CF6-50-C2 GE DC10-10, A300B, 747-200 4.31

CFM56-3C CFM 737-400, -400, -500 6.00

GE90-B4 GE 777 8.40

Trent 1000, GEnx RR, GE 787 10–11

Less L/D, lower ω, fewer blades =⇒ greater
broadband component with less real estate

Increase liner effectiveness and increase
suppression bandwidth

(i) more eff. use of liner space; (ii) improved eduction for increased “optimality”

AARC YER 2007, Bodony & Eldredge – p. 3
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Potential Application
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Higher grazing flow Mach numbers
Higher incident acoustic amplitudes

 

American Institute of Aeronautics and Astronautics 

 

9 

 
 

Figure 4. Model of very large catamaran aircraft studied by NASA.  Note the cockpit 
between the two center engines. 
 

 

Figure 5: Computational model of conceptual catamaran transport  

Posey	
  et	
  al.	
  (AIAA	
  Paper	
  2006-­‐2622) NASA
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Trends in Liner Eduction

Project: Liner eduction methodology using large-eddy simulation

Current trends in liner eduction

Increase measurement bandwidth (more mics)

Increase parameter space (increase M∞; control BL;
duct curvature (CDTR))

Increase flow model complexity

convected Helmholtz→ linearized Euler

2D→ 3D acoustic fields

1D→ 2D→ 3D mean flows

AARC YER 2007, Bodony & Eldredge – p. 5
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Increase measurement bandwidth (more mics)
Increase parameter space (M∞; BL; curvature)
Increase flow model complexity

convected Helmholtz → linearized Euler
2D → 3D acoustic fields
1D → 2D → 3D mean fields
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Principle Objective

Provide a complementary physics-based tool 
within the current expt.-comput. approach
Technical goals

Study liners in realistic environments
Provide reliable input to reduced-order models
Develop design protocols utilizing LES

Can already use LES to control jet noise and airfoil noise

6

Develop a liner eduction methodology using 
large-eddy simulation and

direct numerical simulation
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LES/DNS Domain
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exhaust duct walls

(turbulent)
inflow + 
sound

near-liner region (LES)
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LES/DNS Domain
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exhaust duct walls

(turbulent)
inflow + 
sound

near-liner region (LES)

Rigid backplate

Honeycomb core

Rigid, perforated
facesheet
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LES/DNS Domain
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exhaust duct walls

(turbulent)
inflow + 
sound

near-liner region (LES)

(a)(a) (b)

far-field

periodic

}sponge zone

Rigid backplate

Honeycomb core

Rigid, perforated
facesheet
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Liner Geometry

Study of sound-induced flow through a cavity-backed circular orifice 7

Rigid backplate

Honeycomb core

Rigid, perforated
facesheet

Figure 1. Schematic of conventional liner geometry. Adapted from Jones et al. (2004a).

Parameter Symbol Dimension (mm)

Orifice diameter d 0.99
Facesheet thickenss τ 0.64
Honeycomb ‘diameter’ " 5.49
Cell depth D 38.10

Table 1. Numerical values for liner geometry.

prised of regular, hexagonal cells. The distance between parallel sides of the cells is ! and

the cells have depth H . A rigid backplate closes the cells from below and the cell walls

are rigid so that neighboring cells cannot communicate. The specific liner properties used

for this study correspond to the 6.4% porosity liner tested in Jones et al. (2004a), with

parameters given in table 1. Due to manufacturing the orifices are not regularly arranged

relative to the cells and, on occasion, an orifice may lie directly above a cell wall so that

it is split between cells.

From this base geometry, several assumptions were made for the computations. A 6.4%

10

Rigid backplate

Honeycomb core

Rigid, perforated
facesheet



Daniel	
  J.	
  Bodony	
  	
  |	
  	
  Department	
  of	
  Aerospace	
  Engineering
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  University	
  of	
  Illinois	
  at	
  Urbana-­‐Champaign

Parameter Space12 Q. Zhang and D. J. Bodony

Amplitude (dB)

Freq. 130 140 150 160

1.5 kHz ×
2.0 kHz ×
2.5 kHz ×
3.0 kHz × × × ×

Table 3. Incident sound parameters investigated.

3. Flow properties in and around the orifice

The simulations start with the fluid initially at rest. The incident plane wave of spec-

ified amplitude and frequency impinges upon the facesheet, excites the fluid near the

orifice, and is mostly reflected back. After 10 cycles the flow reaches a statistically sta-

tionary state, as determined by several pressure and velocity probes placed within the

computational domain, and data are then collected for post-processing. (See, for exam-

ple, figures 5 and 6 below.) In all, seven cases were run with the parameters given in

table 3; the frequency sweep at fixed 130 dB amplitude corresponds to conditions at

which experimental data are available (Jones et al. 2004a) while amplitude sweep at and

above 140 dB does not. Grid convergence of the data is discussed in the Appendix.

3.1. Instantaneous data

Instantaneous frames of vorticity isosurfaces are shown in figure 3 for four simulations

at a fixed frequency of 3 kHz and incident sound amplitudes from 130 dB to 160 dB.

The corresponding figures at 130 dB fixed amplitude but variable frequency are shown

in figure 4.

At constant frequency, one effect of increasing the incident sound amplitude is to

increase the distance vorticity penetrates into the surrounding fluid, both within and

11

Experimental data of Jones et al. 
in NASA LaRC Grazing Incidence Tube
(AIAA Paper 2004-2837) 

(a)(a) (b)

far-field

periodic

}sponge zone

Rigid backplate

Honeycomb core

Rigid, perforated
facesheet
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Solve compressible Navier-Stokes equations

High-order SBP finite differences

SAT-based boundary conditions (Bodony, J. Sci. 
Comput., 2010)

Numerical Method

12

Study of sound-induced flow through a cavity-backed circular orifice 9

No. Type Grid Size Location

1 Cartesian 141 × 141 × 181 Above the facesheet
2 Orthogonal 121 × 61 × 247 Orifice and 1D above and below it
3 Non-orthogonal 121 × 121 × 201 Cavity
4 Cartesian 41 × 41 × 223 Cut away orifice centerline

Total 8,739,272 points

Table 2. Grid information used in the numerical simulation.

Four grids were used: the first three account for the geometry, namely the rectangular

region above the facesheet, the hexagonal cell, and the circular orifice, while an additional

rectangular grid was used to remove the polar axis of the cylindrical grid. Each grid was

logically rectangular. The minimum grid spacing in the orifice is ∆rmin = 0.0081d at

the orifice walls. In the z-direction, a uniform grid spacing ∆zmin = 0.02d is used 1d

offset above and below the orifice. At 7d away from the orifice, the resolution decreases

smoothly but still keeps ∆zmin ≤ 0.1d. The ratio of the grid spacing of the coarse mesh

and the fine mesh at their interface is around 2. (See Table 2)

2.3. Numerical method

On the four grids we solve the compressible Navier-Stokes equations in a non-orthogonal

coordinate system ξ = Ξ(x), with ξ = (ξ, η, ζ)T , written in conservative form

∂

∂t

( ρ

J

)

+
∂

∂ξj
(ρUj) = 0 (2.1)

∂

∂t

(ρui

J

)

+
∂

∂ξj

(

ρuiUj + pξ̂j,i − τki ξ̂j,k

)

= 0 (2.2)

∂

∂t

(

ρE

J

)

+
∂

∂ξj

(

{ρE + p}Uj − ξ̂j,i {ukτik − qi}
)

= 0 (2.3)

where J = |∂x/∂ξ| is the Jacobian of the grid transformation, ξ̂j,i = J−1∂ξj/∂xi are the

Jacobian-weighted metrics, and Ui = uj ξ̂i,j are the contravariant velocities. A Newtonian
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Numerical Method
Multiple, overlapping grids are used

Sixth-order Lagrange interpolation
Grid communication determined in pre-
processing step
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Figure 1: Schematic of the honeycomb liner with circular perforated facesheet. (see Ref. [10])

Figure 2: Computational grid configuration of the hexagonal cavity with circular aperture.

13
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Vorticity

14

150 dB, 3 kHz 160 dB, 3 kHz
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Views at 3 kHz
14 Q. Zhang and D. J. Bodony
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(a) 130 dB
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(b) 140 dB
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(c) 150 dB
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(d) 160 dB
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(f) 140 dB
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(g) 150 dB

0.1 1.0
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5
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−5
−4 −2 0 2 4

(h) 160 dB

Figure 3. Vorticity fields due to different intensity sound at fixed 3 kHz frequency. Figures
(a)–(d) are isosurfaces of |ωd/a∞| at values 0.075, 0.15, 0.25, 1.0, respectively, colored by ur/a∞

with ranges shown. Figures (e)–(h) are two-dimensional contours of |ωd/a∞| with ranges shown.

evident at 150 dB and 160 dB. In all cases the surface facesheet pressure fluctuations are

larger than the orifice center fluctuations which are, in turn, larger than the backplate

pressure fluctuations. Their ratio is evidently a function of incident sound amplitude, as

is their relative phase. At fixed amplitude the pressure traces in figure 6 show significant

non-linearity for the 1.5 kHz case, which is close to the liner resonant frequency, but

are predominantly single-frequency for all other incident sound frequencies. The relative

amplitudes of the three traces continues to be a function of frequency but their relative

phase is less variable. The vertical velocities shown in figures 7 and 8, taken along the

centerline of the orifice mid-way from the facesheet top and bottom, exhibit trends that

15
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Views at 130 dB
Study of sound-induced flow through a cavity-backed circular orifice 15
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(c) 2500 Hz
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(d) 3000 Hz
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Figure 4. Vorticity fields due to different frequency sound at fixed 130 dB amplitude. Figures
(a)–(d) are isosurfaces of |ωd/a∞| at constant value of 0.075, colored by ur/a∞ with ranges
shown. Figures (e)–(h) are two-dimensional contours of |ωd/a∞| with ranges shown.

are qualitatively similar to the pressure traces. Observe that the peak velocities approach

30% of the ambient sound speed at 160 dB incident sound amplitude with significant har-

monic content. By 150 dB the maximum velocity is 15% of a∞ and reduces to 1% by

130 dB, 3 kHz, and rises to 4% of a∞ at 130 dB, 1.5 kHz as the Helmholtz resonance

frequency is approached.

3.2. Phase averaged data

The flow variability between acoustic periods is low so we now present phase averaged

data, denoted by angled brackets 〈·〉. The velocity field within the orifice, taken at the

16
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March To Steady State

Study of sound-induced flow through a cavity-backed circular orifice 17
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Figure 6. Pressure fluctuations due to different frequency sound at fixed 130 dB amplitude.
Legend same as figure 5.
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Figure 7. Vertical velocity fluctuations at the center of the circular aperture due to different
amplitude sound at fixed 3 kHz frequency.

ness δ∗, defined in the usual manner by

δ∗(φ) =

∫ d/2

0

(

1 −
〈ρw〉

〈ρw〉CL

)

dr (3.1)

17

3 kHz
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Scattered Pressure Field
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Computed by 
separate 
calculation

160 dB, 3 kHz
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Self Noise
28 Q. Zhang and D. J. Bodony
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Figure 17. OASPL of the scattered pressure field for 3 kHz cases.
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Figure 18. OASPL of the scattered pressure field for 130 dB cases.

crophone location must be placed outside the hydrodynamic influence of the orifice,

otherwise the pressure measurements do not yield reliable impedance data since Dean’s

(1974) method requires the pressures to be dominated by acoustics. From the simula-

tion data the root-mean-square of the scattered pressure field gives a reasonably good

estimate of the hydrodynamic influence of the orifice, with data shown in figure 19 for a

19
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Figure 17. OASPL of the scattered pressure field for 3 kHz cases.

1500 2000 2500 300080

90

100

110

120

130

140

f (Hz)

S
ca

tt
er

ed
O

A
S
P

L
(d

B
)

Figure 18. OASPL of the scattered pressure field for 130 dB cases.

crophone location must be placed outside the hydrodynamic influence of the orifice,

otherwise the pressure measurements do not yield reliable impedance data since Dean’s

(1974) method requires the pressures to be dominated by acoustics. From the simula-

tion data the root-mean-square of the scattered pressure field gives a reasonably good

estimate of the hydrodynamic influence of the orifice, with data shown in figure 19 for a
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(f) 150 dB, 3.0 kHz
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Figure 19. Root-mean-square scattered pressure on the facesheet surface.

ray which passes through the orifice center on the surface of the facesheet. In all seven

cases the scattered pressure field peaks just inside the orifice and decays rapidly outward.

Beyond r/d = 2 the orifice influence is lost and the point can be considered to be in the

acoustic field. Note that the scattered pressure root-mean-square does not decay to zero

away from the orifice, indicating the presence of (very weak) acoustic waves which travel

outward, tangential to the facesheet from the orifice.

Scattered field:
self noise < 20 dB
Mics > 2 d
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Impedance Prediction
32 Q. Zhang and D. J. Bodony
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Figure 20. Normalized impedance predictions due to different frequency sound at fixed 130 dB
amplitude. Legend: !, present data; +, 6.4% porosity data and ×, 15.0% porosity data from
Jones et al. (2004a). Resistance curve from Eq. (4.3) while reactance curves are from Eq. (4.4).

the semi-empirical model for the reactance, Eq. (4.4), does a remarkably good job for

the data shown in figure 20(b).

Impedance predictions for higher amplitudes at 3 kHz are shown in figure 21, at condi-

tions for which no experimental data for this liner are available. It is commonly assumed

(Motsinger & Kraft 1995) that the resistance is proportional to the acoustic velocity at

high acoustic amplitudes, as given by Eq. (4.3). Experimental data also suggest that the

reactance should diminish with increasing sound pressure level due to a reduction in the

orifice end correction with increasing acoustic velocity. An empirical curve fit suggests

that the reactance should reduce until 157 dB, approximately, after which it remains

constant (Ingard 1953; Motsinger & Kraft 1995). The present data are qualitatively con-

sistent with these trends. Further, the analytical expressions in Eq. (4.3) and (4.4) are in

general agreement with the simulation-predicted impedances, when using the simulation-

measured velocity root-mean-square. It should be noted that the reactance expression,

Eq. (4.4), is independent of amplitude while the simulation data are not.

20
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also available. The impedance has been split into its real and imaginary parts according

to Z/(ρ∞a∞) = θ + iχ and multiplied by the porosity σ. There are theoretical argu-

ments for σZ being porosity indepedent. Melling (1973), for example, estimates that the

characteristic resistance should be

R

ρ∞a∞

=
1

ρ∞a∞

[

Rµ +
1.2

C
2

D

(

1 − σ2

σ

)

ρ∞
2

wrms

]

(4.3)

where Rµ is the resistance due to wall friction, wrms is the in-orifice velocity root-mean-

square, and CD = 0.76 as discussed by Motsinger & Kraft (1995). For 130 dB and greater

the wall friction is negligible, as shown by Zhang & Bodony (2011a), leaving a term

proportional to σ−1 for σ " 1. The reactance, on the other hand, is porosity dependent

and an approximate expression for it due to several investigators (Ingard 1953; Melling

1973) and summarized by Motsinger & Kraft (1995) is

X

ρ∞a∞

= − cothkH +
k(τ + εd)

σ
(4.4)

where τ is, again, the facesheet thickness. The parameter ε is a dimensionless end correc-

tion and is approximately equal to 0.85(1 − 0.7
√

σ) and k = ω/a∞ is the wavenumber.

At 130 dB there is quantitative consistency between the simulation and measurements

for frequencies up to 2.5 kHz, as shown in figure 20, but a 50% difference is found in

the resistance for the 3 kHz case. Differences in the reactance predictions are typically

smaller than those for the resistance predictions, and are similar in magnitude to those

found by Tam et al. (2010) for a rectangular-orifice liner. Although the underlying reason

is not known, it has been found experimentally for this liner that increased uncertainty

for measuring Z exists at 3 kHz (Jones et al. 2004b) but not enough to account for

the differences observed. The analytical model by Melling (1973), Eq. (4.3), using the

simulation data, over-predicts the simulation data by up to 50% near resonance while
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the resistance for the 3 kHz case. Differences in the reactance predictions are typically

smaller than those for the resistance predictions, and are similar in magnitude to those

found by Tam et al. (2010) for a rectangular-orifice liner. Although the underlying reason

is not known, it has been found experimentally for this liner that increased uncertainty

for measuring Z exists at 3 kHz (Jones et al. 2004b) but not enough to account for

the differences observed. The analytical model by Melling (1973), Eq. (4.3), using the

simulation data, over-predicts the simulation data by up to 50% near resonance while

(Melling, 1973)

(Motzinger & Kraft, 
1995)

30 Q. Zhang and D. J. Bodony

4. Comparison against experiment

There exists limited experimental data against which to validate the current simula-

tions, except for measurements of the liner’s acoustic impedance, Z, which is defined as

the ratio of the complex-valued Fourier coefficients of the acoustic pressure and velocity,

Z =
p̂a

v̂a
(4.1)

where the frequency is assumed to be the same as that of the incident sound field.

The acoustic impedance is an apparent property—not a point measurement—and is best

considered as an effective boundary condition the incident acoustic field experiences when

it impinges upon the surface. As discussed in the Introduction several methods exist for

deducing the impedance and that due to Dean (1974) is chosen here because of its relative

simplicity and its acceptance in normal incidence scenarios.

For Dean’s method pressure signals at two locations are needed: one on the facesheet,

which is not influenced by the hydrodynamic pressure field, and the other on the cav-

ity backplate. Calling these points A and B, respectively, the characteristic acoustic

impedance is given by

Z

ρ∞a∞

= −i
|p̂A|
|p̂B|

eiφ

sin kH
(4.2)

where p̂ is the Fourier coefficient of p−p∞, φ is the phase angle between p̂A and p̂B, and

k = |k| is the modulus of the wavenumber vector.

The facesheet surface pressures were measured 5 radii away from the orifice center,

outside the hydrodynamic influence, while the backplate pressures were measured di-

rectly below the orifice center. It was verified that the backplate pressure was uniform

across the cavity. The resulting porosity normalized impedance values are shown in figure

20 for the 130 dB conditions for which experimental data from Jones et al. (2004b) are
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Figure 21. Normalized impedance predictions under different SPL at a fixed 3 kHz frequency.
Resistance curve from Eq. (4.3) while reactance curve is from Eq. (4.4).

5. Time-domain model of the liner

With the flow in and around the orifice documented and compared to existing data

and analytical predictions, one objective this work is to utilize the simulation databases

to inform possible ways in which a time-domain model of the liner can be constructed

in manner different than others have attempted. By following the work of Cummings &

Eversman (1983) and Hersh et al. (2003) we modify, and simplify, their models based on

the simulation data. Of particular interest from the simulations is the behavior of the

orifice wall boundary layers which play a key role in controlling the effective non-linearity

of the orifice and, hence, the impedance.

As discussed in Hersh et al. (2003) the starting point for the time-domain model is the

momentum equation normal to the orifice face applied to the control volume V shown in

figure 22. Assuming downward (in the figure) the displacement of the control volume is

ξ(t) and the density within V is constant, the momentum equation can be approximated

by

ρτS
d2ξ

dt2
+ ρ

1 − CD

CD
S

∣

∣

∣

∣

dξ

dt

∣

∣

∣

∣

dξ

dt
+ PcS = P0Seiωt (5.1)

where CD is the (instantaneous) discharge coefficient of the orifice jet, S = πd2/4 is
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also available. The impedance has been split into its real and imaginary parts according

to Z/(ρ∞a∞) = θ + iχ and multiplied by the porosity σ. There are theoretical argu-

ments for σZ being porosity indepedent. Melling (1973), for example, estimates that the

characteristic resistance should be
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=
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where Rµ is the resistance due to wall friction, wrms is the in-orifice velocity root-mean-

square, and CD = 0.76 as discussed by Motsinger & Kraft (1995). For 130 dB and greater

the wall friction is negligible, as shown by Zhang & Bodony (2011a), leaving a term

proportional to σ−1 for σ " 1. The reactance, on the other hand, is porosity dependent

and an approximate expression for it due to several investigators (Ingard 1953; Melling

1973) and summarized by Motsinger & Kraft (1995) is

X

ρ∞a∞

= − cothkH +
k(τ + εd)

σ
(4.4)

where τ is, again, the facesheet thickness. The parameter ε is a dimensionless end correc-

tion and is approximately equal to 0.85(1 − 0.7
√

σ) and k = ω/a∞ is the wavenumber.

At 130 dB there is quantitative consistency between the simulation and measurements

for frequencies up to 2.5 kHz, as shown in figure 20, but a 50% difference is found in

the resistance for the 3 kHz case. Differences in the reactance predictions are typically

smaller than those for the resistance predictions, and are similar in magnitude to those

found by Tam et al. (2010) for a rectangular-orifice liner. Although the underlying reason

is not known, it has been found experimentally for this liner that increased uncertainty

for measuring Z exists at 3 kHz (Jones et al. 2004b) but not enough to account for

the differences observed. The analytical model by Melling (1973), Eq. (4.3), using the

simulation data, over-predicts the simulation data by up to 50% near resonance while
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is not known, it has been found experimentally for this liner that increased uncertainty

for measuring Z exists at 3 kHz (Jones et al. 2004b) but not enough to account for

the differences observed. The analytical model by Melling (1973), Eq. (4.3), using the

simulation data, over-predicts the simulation data by up to 50% near resonance while
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4. Comparison against experiment

There exists limited experimental data against which to validate the current simula-

tions, except for measurements of the liner’s acoustic impedance, Z, which is defined as

the ratio of the complex-valued Fourier coefficients of the acoustic pressure and velocity,

Z =
p̂a

v̂a
(4.1)

where the frequency is assumed to be the same as that of the incident sound field.

The acoustic impedance is an apparent property—not a point measurement—and is best

considered as an effective boundary condition the incident acoustic field experiences when

it impinges upon the surface. As discussed in the Introduction several methods exist for

deducing the impedance and that due to Dean (1974) is chosen here because of its relative

simplicity and its acceptance in normal incidence scenarios.

For Dean’s method pressure signals at two locations are needed: one on the facesheet,

which is not influenced by the hydrodynamic pressure field, and the other on the cav-

ity backplate. Calling these points A and B, respectively, the characteristic acoustic

impedance is given by

Z

ρ∞a∞

= −i
|p̂A|
|p̂B|

eiφ

sin kH
(4.2)

where p̂ is the Fourier coefficient of p−p∞, φ is the phase angle between p̂A and p̂B, and

k = |k| is the modulus of the wavenumber vector.

The facesheet surface pressures were measured 5 radii away from the orifice center,

outside the hydrodynamic influence, while the backplate pressures were measured di-

rectly below the orifice center. It was verified that the backplate pressure was uniform

across the cavity. The resulting porosity normalized impedance values are shown in figure

20 for the 130 dB conditions for which experimental data from Jones et al. (2004b) are
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DNS/LES is great, but, ...
It’s expensive.
It focuses on very small domains.

Probably the best place for DNS/LES is to 
provide data for improved ROMs

Several decades of linear, frequency domain models
Sivian, Ingard et al., Rice, Tester et al., ...

More recent extensions
non-linear, single frequency scenario (Cummings & 
Eversman; Hersh, Walker & Celino; ...)
time domain impedance (Tam et al.)
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S

V

incident wave

Figure 22. Schematic of the control volume for use in the time-domain model development.

the cross-sectional area, and Pc and P0 are the average surface pressures the cavity and

facesheet sides, respectively. In contrast to past work the thickness τ does not include any

end corrections and is, instead, equal to the facesheet thickness. Note that the neither the

wall friction nor the radiation resistence have been included since, at amplitudes greater

than 130 dB, they are unimportant. (The wall friction data were presented in Zhang &

Bodony (2011a).)

The incident sound is assumed to be monochromatic with frequency ω for purposes of

comparison with the current data. The in-cavity pressure, however, is not and is instead

found by treating the cavity pressure fluctuations as a linear, inviscid medium subjected

to the boundary condition

∂p

∂z
= −ρ

d2ξ

dt2
V (r)H(d/2 − r) (5.2)

where H(x) is the Heaviside function and V (r) is a shape function to be discussed below.

After further assuming the cavity is cylindrical with diameter equal to hydraulic diameter

of the hexagonal cavity and that no azimuthal variation exists, the pressure in the cavity
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Figure 21. Normalized impedance predictions under different SPL at a fixed 3 kHz frequency.
Resistance curve from Eq. (4.3) while reactance curve is from Eq. (4.4).

5. Time-domain model of the liner

With the flow in and around the orifice documented and compared to existing data

and analytical predictions, one objective this work is to utilize the simulation databases

to inform possible ways in which a time-domain model of the liner can be constructed

in manner different than others have attempted. By following the work of Cummings &

Eversman (1983) and Hersh et al. (2003) we modify, and simplify, their models based on

the simulation data. Of particular interest from the simulations is the behavior of the

orifice wall boundary layers which play a key role in controlling the effective non-linearity

of the orifice and, hence, the impedance.

As discussed in Hersh et al. (2003) the starting point for the time-domain model is the

momentum equation normal to the orifice face applied to the control volume V shown in

figure 22. Assuming downward (in the figure) the displacement of the control volume is

ξ(t) and the density within V is constant, the momentum equation can be approximated

by

ρτS
d2ξ

dt2
+ ρ

1 − CD

CD
S

∣

∣

∣

∣

dξ

dt

∣

∣

∣

∣

dξ

dt
+ PcS = P0Seiωt (5.1)

where CD is the (instantaneous) discharge coefficient of the orifice jet, S = πd2/4 is
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No. Type Grid Size Location

1 Cartesian 141 × 141 × 181 Above the facesheet
2 Orthogonal 121 × 61 × 247 Orifice and 1D above and below it
3 Non-orthogonal 121 × 121 × 201 Cavity
4 Cartesian 41 × 41 × 223 Cut away orifice centerline

Total 8,739,272 points

Table 2. Grid information used in the numerical simulation.

Four grids were used: the first three account for the geometry, namely the rectangular

region above the facesheet, the hexagonal cell, and the circular orifice, while an additional

rectangular grid was used to remove the polar axis of the cylindrical grid. Each grid was

logically rectangular. The minimum grid spacing in the orifice is ∆rmin = 0.0081d at

the orifice walls. In the z-direction, a uniform grid spacing ∆zmin = 0.02d is used 1d

offset above and below the orifice. At 7d away from the orifice, the resolution decreases

smoothly but still keeps ∆zmin ≤ 0.1d. The ratio of the grid spacing of the coarse mesh

and the fine mesh at their interface is around 2. (See Table 2)

2.3. Numerical method

On the four grids we solve the compressible Navier-Stokes equations in a non-orthogonal

coordinate system ξ = Ξ(x), with ξ = (ξ, η, ζ)T , written in conservative form

∂

∂t

( ρ

J

)

+
∂

∂ξj
(ρUj) = 0 (2.1)

∂

∂t

(ρui

J

)

+
∂

∂ξj

(

ρuiUj + pξ̂j,i − τki ξ̂j,k

)

= 0 (2.2)

∂

∂t

(

ρE

J

)

+
∂

∂ξj

(

{ρE + p}Uj − ξ̂j,i {ukτik − qi}
)

= 0 (2.3)

where J = |∂x/∂ξ| is the Jacobian of the grid transformation, ξ̂j,i = J−1∂ξj/∂xi are the

Jacobian-weighted metrics, and Ui = uj ξ̂i,j are the contravariant velocities. A Newtonian
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5. Time-domain model of the liner

With the flow in and around the orifice documented and compared to existing data

and analytical predictions, one objective this work is to utilize the simulation databases

to inform possible ways in which a time-domain model of the liner can be constructed

in manner different than others have attempted. By following the work of Cummings &

Eversman (1983) and Hersh et al. (2003) we modify, and simplify, their models based on

the simulation data. Of particular interest from the simulations is the behavior of the

orifice wall boundary layers which play a key role in controlling the effective non-linearity

of the orifice and, hence, the impedance.

As discussed in Hersh et al. (2003) the starting point for the time-domain model is the

momentum equation normal to the orifice face applied to the control volume V shown in

figure 22. Assuming downward (in the figure) the displacement of the control volume is

ξ(t) and the density within V is constant, the momentum equation can be approximated

by

ρτS
d2ξ

dt2
+ ρ

1 − CD

CD
S

∣

∣

∣

∣

dξ

dt

∣

∣

∣

∣

dξ

dt
+ PcS = P0Seiωt (5.1)

where CD is the (instantaneous) discharge coefficient of the orifice jet, S = πd2/4 is
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5. Time-domain model of the liner

With the flow in and around the orifice documented and compared to existing data

and analytical predictions, one objective this work is to utilize the simulation databases

to inform possible ways in which a time-domain model of the liner can be constructed

in manner different than others have attempted. By following the work of Cummings &

Eversman (1983) and Hersh et al. (2003) we modify, and simplify, their models based on

the simulation data. Of particular interest from the simulations is the behavior of the

orifice wall boundary layers which play a key role in controlling the effective non-linearity

of the orifice and, hence, the impedance.

As discussed in Hersh et al. (2003) the starting point for the time-domain model is the

momentum equation normal to the orifice face applied to the control volume V shown in

figure 22. Assuming downward (in the figure) the displacement of the control volume is

ξ(t) and the density within V is constant, the momentum equation can be approximated

by

ρτS
d2ξ

dt2
+ ρ

1 − CD

CD
S

∣
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where CD is the (instantaneous) discharge coefficient of the orifice jet, S = πd2/4 is
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Figure 13. Phase-averaged velocity and streamlines at φ = π/2 due to different amplitude
sound at fixed 3 kHz frequency.

with n, with a slightly higher rate-of-decay for the higher modes. Further details of the

turbulence will be discussed in a separate article.

3.3. Scattered pressure field

When vorticity is created at the orifice it has an opportunity to generate sound through

interaction with the orifice or with neighboring vorticity. The theory of sound generated

by vorticity is well described (Howe 2003) by the acoustic wave equation driven by the

Discharge coefficient,
accounts for flow losses
related to boundary layer 
thickness
difficult to model 
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Figure 13. Phase-averaged velocity and streamlines at φ = π/2 due to different amplitude
sound at fixed 3 kHz frequency.

with n, with a slightly higher rate-of-decay for the higher modes. Further details of the

turbulence will be discussed in a separate article.

3.3. Scattered pressure field

When vorticity is created at the orifice it has an opportunity to generate sound through

interaction with the orifice or with neighboring vorticity. The theory of sound generated

by vorticity is well described (Howe 2003) by the acoustic wave equation driven by the
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Figure 14. Phase-averaged velocity and streamlines at φ = π/2 due to different frequency
sound at fixed 130 dB amplitude.

divergence of the density-weighted Lamb vector ρω×u but suffers the same complications

associated with Lighthill’s acoustic analogy (Lighthill 1952). Experimentally measuring

liner self-noise is challenging though a few liners are known to ‘whistle’ when subjected

to grazing flow (Petrie & Huntley 1980). From the simulation databases it is relatively

straightforward to compute the self noise through determining the scattered pressure

3 kHz 130 dB
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Figure 9. Phase averaged velocity profiles at the center of the circular aperture due to
different amplitude sound at fixed 3 kHz frequency.

Because of the flow reversal it is challenging to assign a single value of the boundary

layer thickness for a given amplitude-frequency pair. However, if we examine the flow

through the orifice more closely it is possible to define phases in which a substantial flow

exists through the orifice, as is done in figure 12. In the figure the displacement thickness

for the 160 dB, 3 kHz case is shown as a function of time and plotted along with the orifice

center vertical velocity w, as indicated. If we let wpeak be the peak velocity achieved by

the in-orifice flow and wpeak −wrms to be the root-mean-square velocity fluctuation level

then we can define the periods of time when a jet exists as follows. The data shows that

there is a lag between the boundary layer growth and the centerline velocity change so
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Figure 10. Phase averaged velocity profiles at the center of the circular aperture due to
different frequency sound at fixed 130 dB amplitude.
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Figure 11. Phase-averaged boundary layer thickness along the orifice.
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Figure 12. Analysis of orifice jet boundary layer thickness.

that we quantify the jet as being present when w first exceeds wpeak and ending when w

falls below wrms. The times when the jet is present are shown in figure 12 and identifed

by the ‘U’ and ‘D’ labels for ‘up’ and ‘down’, respectively. When a proper jet is not in

the orifice is shown by the dashed line segment of the w trace and labeled by a ‘T’. The

distribution of times the orifice spends in the states is given in table 4 where there is little

difference seen between flow into and out-of the orifice, except at the highest amplitude,

and between the ‘up-to-down’ and ‘down-to-up’ transitions.

By conditionally averaging when the jet is present an average displacement thickness

can be determined, the values of which are given in table 5 for the ‘up’, ’down’, and

overall stages. By this metric the boundary layer thins as the incident sound frequency

increases at 130 dB fixed amplitude while it grows rapidly between 130 dB and 140 dB

at 3 kHz fixed frequency, followed by a slower growth with increasing amplitude to 160

dB.

The orifice wall boundary layer separates the jet into an inviscid core with a viscous-

effected outer annulus through which the sound-induced gas must flow. An engineering

measure the boundary layer influence is the discharge coefficient, CD, which can be

22 Q. Zhang and D. J. Bodony

Case TU TD TT ,U →D TT ,D→U

130 dB, 1.5 kHz 32.5 32.4 17.5 17.6
130 dB, 2.0 kHz 32.5 32.8 17.4 17.3
130 dB, 2.5 kHz 32.1 32.2 17.8 17.9
130 dB, 3.0 kHz 32.3 32.1 17.8 17.8
140 dB, 3.0 kHz 32.2 33.3 17.5 17.0
150 dB, 3.0 kHz 30.4 30.3 19.8 19.5
160 dB, 3.0 kHz 34.8 34.1 16.0 15.1

Table 4. Flow times associated with ‘upward’, ‘downward’, and ‘transition’ motion of orifice
jet. All times are percentages of the acoustic period.

Case δ∗

u/d δ∗

d/d δ∗/d CD

130 dB, 1.5 kHz 0.076 0.075 0.0755 0.72
130 dB, 2.0 kHz 0.073 0.073 0.0730 0.73
130 dB, 2.5 kHz 0.038 0.038 0.0380 0.85
130 dB, 3.0 kHz 0.037 0.036 0.0365 0.86
140 dB, 3.0 kHz 0.078 0.081 0.0795 0.71
150 dB, 3.0 kHz 0.082 0.079 0.0805 0.70
160 dB, 3.0 kHz 0.084 0.082 0.0830 0.69

Table 5. Boundary layer displacement thickness and discharge coefficient.

usefully approximated by

CD ≈
π(d/2 − δ∗)

πd2/4
=

(

1 −
δ∗

d/2

)2

. (3.2)

While useful for steady or nearly steady flows, the discharge coefficient definition, along

with that of the boundary layer, fails when the flow is reversing direction as a well defined

jet does not exist. From the averaged displacement thickness data one can construct a

similarly averaged discharge coefficient the values of which are shown in table 5 for

the present simulations. As the liner operates close to resonance or at high acoustic

amplitudes the discharge coefficient reduces to roughly 0.70 while at less vigorous acoustic

loadings it reaches 0.86.
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While useful for steady or nearly steady flows, the discharge coefficient definition, along

with that of the boundary layer, fails when the flow is reversing direction as a well defined

jet does not exist. From the averaged displacement thickness data one can construct a

similarly averaged discharge coefficient the values of which are shown in table 5 for

the present simulations. As the liner operates close to resonance or at high acoustic

amplitudes the discharge coefficient reduces to roughly 0.70 while at less vigorous acoustic

loadings it reaches 0.86.
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Figure 23. Comparison of predicted ξ̇ with fluid velocity at the orifice center. Legend: − ◦ −,
simulation data; —, Eq. (5.1) with CD(t); – –, Eq. (5.1) with CD ≡ 1.

a linear assumption with CD ≡ 1. It is clearly seen that a linear assumption is not

appropriate and significantly over-predicts the fluid velocity. Generally good predictions

are available when accurate discharge coefficients are used as, most notably, the peak

velocity predicted reduces, relative to a linear prediction. Characteristics of the non-

sinusoidal velocity fluctuations seen in the simulation data are reflected in the model

predictions as seen in figure 23(a) and (c). At 150 dB, in figure 23(b), the comparison is

less favorable as the multiple frequencies seen in the simulation are not present in the ξ̇

prediction; however, the dominant frequency component is well captured.

In general one does not have CD(t) data available and must instead model it. Typically

a constant value of CD around 0.76 is assumed or taken from experimental data of steady

flow through the orifice, as summarized in Motsinger & Kraft (1995). Frequency and

amplitude-dependent values have been deduced from experimental data by Hersh et al.

(2003). Since our expression for the in-cavity pressure, Eq. (5.3), depends on the shape of

30
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Figure 21. Normalized impedance predictions under different SPL at a fixed 3 kHz frequency.
Resistance curve from Eq. (4.3) while reactance curve is from Eq. (4.4).

5. Time-domain model of the liner

With the flow in and around the orifice documented and compared to existing data

and analytical predictions, one objective this work is to utilize the simulation databases

to inform possible ways in which a time-domain model of the liner can be constructed

in manner different than others have attempted. By following the work of Cummings &

Eversman (1983) and Hersh et al. (2003) we modify, and simplify, their models based on

the simulation data. Of particular interest from the simulations is the behavior of the

orifice wall boundary layers which play a key role in controlling the effective non-linearity

of the orifice and, hence, the impedance.

As discussed in Hersh et al. (2003) the starting point for the time-domain model is the

momentum equation normal to the orifice face applied to the control volume V shown in

figure 22. Assuming downward (in the figure) the displacement of the control volume is

ξ(t) and the density within V is constant, the momentum equation can be approximated

by

ρτS
d2ξ

dt2
+ ρ

1 − CD

CD
S

∣

∣

∣

∣

dξ

dt

∣

∣

∣

∣

dξ

dt
+ PcS = P0Seiωt (5.1)

where CD is the (instantaneous) discharge coefficient of the orifice jet, S = πd2/4 is
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Figure 25. Root mean square of the vertical velocity profiles at fixed 3000 Hz frequency.
Legend: — present data; −!− model A (Eq. (5.6)); −©−, model B (Eq. (5.7)).

sure have diminished significantly and continue to improve as the frequency is increased.

The 3 kHz cases in figure 29 show reasonable agreement out to 140 dB. At 150 dB the

pressure amplitude is correctly predicted but the signal traces are of a different waveform

than seen in the simulation data. This observation continues to 160 dB where neither

model shows the same, multi-peaked pressure trace found in the simulations. Observe

that in all cases model A predicts a higher backplate pressure than does model B.

Model predictions of the liner impedance are shown in figure 30 for all seven cases

31

DNS ⇒ modeling the boundary layer is a 
“good thing”
Attempt two naive strategies

Analytical profile from periodic pipe flow
Tanh profile with DNS provided 

tanh

periodic pipe
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Figure 30. Impedance Predictions. Legend: ×: Experimental Data (σ = 6.4%); +: Experimental
Data (σ = 15.0%); !: present data; ": Model A; © Model B; +, 6.4% porosity data and ×,
15.0% porosity data from Jones et al. (2004a).

within a circular cylinder encompassing the orifice and extending 16 diameters above and

below the facesheet. The refined grid simulations were run to statistical stationarity and

the near-orifice and impedance predictions were compared to the baseline. The 150 dB

liner comparison, which showed the most sensitivity to the grid, is shown in figure 31 for

the orifice center pressure and velocity traces. There is a 5% difference in the peak levels

of p′ and w and a reduction in the harmonic pressure component. The impedance, which

is based on the fundamental component of the pressure, changes by less than 10%, which

is roughly the same as the cycle-to-cycle variability found in baseline case. The 160 dB

32



Daniel	
  J.	
  Bodony	
  	
  |	
  	
  Department	
  of	
  Aerospace	
  Engineering
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  University	
  of	
  Illinois	
  at	
  Urbana-­‐Champaign

Summary
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DNS of compressible flow through single 
aperture reasonably agrees with NASA 
impedance data
Examining DNS data gives clues to what is 
more important (CD) and how to model it (δ)

Two simple models give some evidence of this
Existing BL models likely useful

Where do we go from here?
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Turbulent Grazing Flow
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NASA LaRC GFIT (courtesy M. Jones) GFIT Mean Flow
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Turbulent Grazing Flow
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NASA LaRC GFIT (courtesy M. Jones) Compressible Turbulent BL
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Circular Cavity Simulations
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150 dB, 3 kHz 160 dB, 3 kHz
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Thank you for your attention!

More information available at
Zhang & Bodony, AIAA Papers 2011-0843, -2727.
Zhang & Bodony, AIAA J., 49(2), 2011.
Zhang & Bodony, submitted JFM.
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Liner Design & Analysis
Liner design based on joint experiment and 
computation

indirect: measure complex-valued pressure field 
over liner and infer liner boundary condition 
(Langley, GE, Goodrich, Spirit)
in situ: measure pressure on surface and in cavity 
and model cavity (UTRC)

Successful, but with some unknowns
fluid model (indirect)
average over liner (in situ)
translate to realistic environment (both) 

Grazing M∞; BL/d ratio; curvature; grazing vs. normal 
incidence, broadband, non-linearity, ...
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