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Abstract

A Zwikker and Kosten Transmission Line model is used to predict the acoustic impedance at the
surface of an acoustic liner. Multiple versions of this model, labeled as ZKTL, have been used at the
NASA Langley Research Center for five decades. The latest version (titled ZKTL-SC) is presented,
including descriptions of component models to compute sound transmission through different types
of layers that might constitute an acoustic liner. This model computes the sound transmission
from the backplate to the surface of a single chamber of the liner. Results for multiple chambers
can then be combined to compute an effective (smeared) impedance over their combined surfaces.
Multiple updates are included in this version. A “single channel” model considers the physics of
individual chambers that comprise the entire acoustic liner. This allows a more unified modeling
approach to be applied. An updated model is used to account for the effects of thick partitions
between adjacent liner chambers, a feature that has become more prevalent with the advent of
additively manufactured liners. Implementation of chambers filled with bulk material has also been
updated to use a similar modeling approach to that employed with local-reacting liners. Finally,
experimental results have been compiled to support validation of each of the models used for the
variety of chamber types considered.

Nomenclature

Symbols Description
As, Ac, Ap cross-sectional area of liner surface, active chamber, and individual perforate
c, CD, σ sound speed, discharge coefficient, and open area ratio
d,D hole diameter, and chamber equivalent diameter
f, k, ω frequency, freespace wavenumber (= ω/c), and angular frequency
h, j height of layer and imaginary unit

(
=

√
−1
)

J0, J2 Bessel functions of first kind with orders 0 and 2
Mave average Mach number
Nc, Np number of chambers and perforations
pn, un acoustic pressure and particle velocity at vertical location n
Pn, Pref Prandtl number and reference pressure (20µPa)
Rf , R1 flow resistance and flow resistivity
s, uRMS shear wavenumber and RMS acoustic particle velocity
ϵ, nΓ intermediate calculations for perforate model
T11, T12, T21, T22 transmission matrix coefficients
Γ, ζc characteristic impedance and propagation constant
λ, γ, δ1 wavelength, specific heat ratio, and boundary layer displacement thickness
β, βbp normalized acoustic admittance of liner and backplate
ζs, ζch acoustic impedance at surface of liner and individual chamber
ζMKM impedance predicted with Motsinger and Kraft Modified model
θ, χ, ζtran normalized resistance and reactance, and transfer impedance
ρ, µ density and viscosity of air
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Abbreviations Description
NIT Normal Incidence Tube
MKM Motsinger and Kraft Model
RMS root mean squared
SDOF single degree of freedom
SPL sound pressure level
ZKTL transmission line model based on the Zwikker and Kosten formulation
ZKTL-SC single chamber version of the ZKTL model

1 Introduction

Although much progress in noise reduction has been made over the last 50 years, the level of noise
radiated from commercial aircraft to the communities surrounding airports remains significant.
Acoustic liners mounted in the walls of the aircraft engine nacelle are used to reduce noise due
to the rotating fan and associated mechanics. The NASA Langley Liner Physics Team continues
to work in multiple areas to support the implementation of optimally designed acoustic liners.
This includes (1) implementation of improved measurement and data analysis tools for evaluation
of the acoustic and aerodynamic performance of liners (e.g., impedance eduction and liner drag
measurement), (2) modeling and assessment of novel liner configurations, and (3) development of
propagation codes to predict the attenuation achievable via acoustic liners.

The NASA team has used a number of impedance prediction models over the last 40 years.
Much attention has been given to perforate facesheet models [1] and a transmission line model
titled ZKTL [2]. This paper provides a description of a recent version of the ZKTL model, labeled
as ZKTL-SC, that focuses on computation for a single chamber of a liner.

Previous versions of the ZKTL model were designed to predict the surface impedance of an
entire acoustic liner, assumed to be comprised of multiple chambers. Each of these chambers were
allowed to contain different configurations. As a result, the multi-channel versions became somewhat
unwieldy (too many options to support a unified modeling approach). The current version employs
a unified approach to modeling each of the types of chambers, including a liner chamber filled with
bulk material. With the advent of additively manufactured liners, the effects of partition thickness
have become more important. Earlier models were focused on conventional acoustic liners, for which
the partition thickness has typically been negligible. However, the additive manufacturing process
currently requires the partitions to be sufficiently thick as to have a more significant effect on the
liner impedance.

Multilayer acoustic liners can be modeled using this transmission line approach, in which the
change in acoustic pressure and normal particle velocity across each layer is used to determine the
resultant values for these two parameters at the surface of the liner. The specific acoustic impedance
is then computed as the ratio of the acoustic pressure to the acoustic particle velocity at the surface
of the liner. Figure 1 presents a sketch of a notional 10-layer liner with two identical chambers. This
design is presented to draw attention to the fact that the ZKTL-SC model is capable of combining
the effects of a variety of layers into a single chamber acoustic impedance computation. The odd-
numbered layers are open-air pathways. Layer 2 can be viewed as a very thick perforate sheet, while
Layers 4 and 10 represent perforate sheets with more conventional dimensions (i.e., where the hole
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and sheet thicknesses are nominally the same). Layer 6 represents a wire mesh septum (sometimes
also used as a facesheet) and Layer 8 depicts a porous material (e.g., foam).
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Figure 1: Sketch of two chambers of a 10-layer liner.

The remainder of this paper is organized as follows. Section 2 presents an overview of the
transmission line modeling approach, and Section 3 provides a brief review of the transmission
matrices used to model each of the layer types. A brief description of the NASA Normal Incidence
Tube (NIT) is provided in Section 4, and a comparison of predicted and measured results is presented
in Section 5. Finally, concluding remarks are captured in Section 6.

2 Analysis Overview

This section provides an overview of the transmission line model used to describe the acoustic
performance of local-reaction acoustic liners1. A description of a single active chamber is provided.
The effects of combining multiple chambers are then discussed, first with negligible partitions such
as those present in typical aircraft engine nacelle liners, and then with thicker partitions generally
required for additively-manufactured liners.

Note that all impedances used in this paper are normalized by ρc, the characteristic impedance
of air. A corresponding normalization of admittances is also assumed. The acoustic pressure and
acoustic particle velocity are normalized by ρc2 and c, respectively. Finally, an ejωt time convention
is assumed.

2.1 Single Chamber

A single active chamber of an acoustic liner (e.g., the left side of Fig. 1) is the basic component of
this analysis. In this usage, the term ‘active’ is used to denote that portion of the chamber that
does not include the partitions between chambers. The analysis starts by defining the normalized
acoustic pressure and particle velocity at the surface of the backplate (vertical location 0) as(

p0
u0

)
=

(
1
βbp

)
, (1)

where βbp is the acoustic admittance (inverse of the acoustic impedance) at the surface of the
backplate. This admittance is zero (frequency-independent) for a rigid backplate. At each successive

1Local-reaction acoustic liners typically contain partitions that inhibit sound transfer through the body of the
liner, such that the sound absorption is spatially concentrated.
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transition (i.e., across a layer or across an interface into or out of a layer, depending on the type of
layer), a transmission matrix equation(

pn+1

un+1

)
=

(
T11

T21

T12

T22

)(
pn
un

)
(2)

is used to compute the change in acoustic pressure and particle velocity. The models used to define
the transmission matrices for a number of layer types are provided in Section 3.

2.2 Multichamber Effects

Typical acoustic liners consist of multiple chambers, so a method to properly compute the combined
effects of multiple chambers is presented. When the partitions that separate these adjacent chambers
become sufficiently thick, they can impact the acoustic impedance that is present at the liner
surface. An approach to incorporate these effects into the computation of the liner impedance is
also provided.

2.2.1 Uniform-impedance liners

Local-reaction liners typically contain multiple chambers. The most common configuration is for
these liners to be uniform, i.e., each chamber is identical to all other chambers in the liner. For
uniform liners with negligible partition thickness (e.g., SDOF liner with conventional phenolic hon-
eycomb core), the surface impedance is identical to that computed at the surface of the individual
active chamber. This impedance is given by the ratio of the acoustic pressure to acoustic particle
velocity computed at the surface of the individual chamber, regardless of the number of layers used
to construct the chamber or the number of chambers that make up the liner.

2.2.2 Variable-impedance liners

One method to increase the frequency bandwidth of sound absorption is to group multiple SDOF
chambers together such that each chamber (or subgroup of chambers) is tuned to a different fre-
quency via a different chamber height (see Fig. 2). This is typically labeled as a variable-depth
liner. In a more general sense, it should be noted that any method of varying the impedance with
distinct local-reaction liner configurations (e.g., see Fig. 3) can be used to achieve broadband sound
absorption.

(a) Negligible partition thickness. (b) Thick partition.

Figure 2: Sketch of variable-depth liners with negligible and thick partitions.
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The surface impedance of the entire liner is given by

ζs =

(
1

As

Nc∑
i=1

Ac,i

ζc,i

)−1

(3)

when the following conditions are met:

1. The impedances at the surfaces of each active chamber, ζc,i, are known.

2. The combined cross-sectional sizes of these surfaces are confined to a spatial extent of less
than λ/3 at the highest frequency of interest [3].

3. The partitions that separate the chambers have negligible thickness (e.g., conventional phenolic
honeycomb core, see Figs. 2a and 3).

Figure 3: Sketch of variable-impedance liner with negligible partitions.

2.2.3 Partition thickness

The modeling approach described above is appropriate for conventional aircraft honeycomb material
for which the partition thickness is negligible (for our purposes, thicknesses of up to 0.010” are
considered negligible). However, additively-manufactured samples often require partitions with
increased thickness, such as the thick partition that separates the two chambers in Figs. 1 and 2b.

Partition thickness effects were addressed in an earlier report [4] for two types of liner facesheets:
wire mesh and perforated plate. In that report, the transfer impedance across the facesheet was
treated as an independent process from the computation of the impedance at the surface of the core.
This was simple for a wire mesh facesheet, where the transition impedance due to the addition of the
wire mesh was simply the application of a lumped-element model that increased the acoustic pressure
by an amount corresponding to the normalized flow resistance of the mesh. For the perforated sheet,
the Motsinger and Kraft impedance prediction model [5] was applied. This approach attempted to
include the partitions as an intrinsic part of the computation.

In contrast, the current approach accounts for a perforate facesheet via a lumped-element model
that can be directly included within the transmission matrix, such that the results remain confined
to the active chamber. In this approach, the solid partition is simply treated as an additional
‘chamber’ in Eq. [3]. The impedance is assumed to be infinite (i.e., β = 0) for this portion of
the surface. Since the current approach integrates the effects of the facesheet directly into the
transmission line computation, it is simpler to implement and therefore is the preferred choice of
the authors.
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3 Transmission Matrices for Different Layer Types

Three approaches are considered for computation of sound transmission across a single layer. In the
first approach, sound is assumed to propagate through the layer, thereby enabling determination of
the change in acoustic pressure and velocity (and hence, acoustic impedance) across the layer. In
the second, the layer is assumed to be sufficiently thin such that a lumped-element approach may
be used to account for changes in acoustic pressure across the layer (velocity is unchanged). The
third approach combines acoustic propagation through individual openings with changes in acoustic
velocity caused by the sound entering and exiting those openings.

3.1 Acoustic propagation option

When the propagation constant, Γ, and characteristic impedance, ζc, are known, the sound prop-
agation can be computed across the layer using equations provided by Zwikker and Kosten [6].
The current impedance prediction model uses this approach for layers comprised of air or porous
material.

3.1.1 Open-air layer

The first layer type is comprised of an air gap with height h, as depicted in Fig. 1 via layers 1, 3, 5,
7, and 9. An enlarged view of an open-air layer is provided in Fig. 4, where ports n and n+ 1 are
the inlet and outlet, respectively, of the layer. For this type of layer, Γ and ζc are computed from
Zwikker and Kosten’s models (as presented by Tijdeman [7]) via

Γ =

√
J0(j3/2s)

J2(j3/2s)

√
γ

nΓ
and ζc =

−i

Γ

J0(j
3/2s)

J2(j3/2s)
, (4)

where

nΓ =

[
1 +

γ − 1

γ

J2(j
3/2P

1/2
n s)

J0(j3/2P
1/2
n s)

]−1

and s =
D

2

√
ρω

µ
. (5)

Equation [2] is used to compute the transition from (pn, un) to (pn+1, un+1), where the transmission
matrix is given by (

T11 T12

T21 T22

)
=

(
cosh (kΓh) ζc sinh (kΓh)

ζ−1
c sinh (kΓh) cosh (kΓh)

)
. (6)

n

n+1

Figure 4: Sketch of open-air pathway layer.
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3.1.2 Porous material layer

There are two methods used to determine Γ and ζc when the layer is comprised of porous material
(Fig. 5).

n

n+1

Figure 5: Sketch of porous material layer.

Delany-Bazley-Miki Model

The first method uses the flow resistivity and layer height of a homogeneous porous material as
input for equations presented by Delaney and Bazley [8] and later modified by Miki [9] to estimate
Γ and ζc. These equations are given by

Γ =

(
0.160

(
f

R1

)−0.618
)
+ j

(
1 + 0.109

(
f

R1

)−0.618
)

(7)

and

ζc =

(
1 + 0.070

(
f

R1

)−0.632
)
− j

(
0.107

(
f

R1

)−0.632
)
, (8)

where
R1 =

Rf

h
. (9)

According to their analysis, this model should give adequate results for conditions where

0.01 < f/R1 < 1.00.

Intrinsic properties known

The second method assumes the characteristic impedance and propagation constant have been
determined using other means. For example, these parameters can be computed directly using the
Johnson-Champoux-Allard-Pride-Lafarge (JCAPL) equations [10–13] if sufficient detail is known
regarding the selected porous material.

For materials where this detailed information is not available, the NASA team often employs
the Two-Thickness or Two-Cavity Methods [14]. The Two-Thickness Method requires two samples
of the material, each with a different thickness, backed with a rigid plate. The Two-Cavity Method
requires only one sample, which is tested with two air gap thicknesses between the porous material
and the rigid backplate. Each of these configurations can be described via an equation with two
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unknowns (Γ and ζc).2 Thus, with two measurements of samples at carefully selected thicknesses
(either the porous material or the air gap beneath the porous material), the propagation constant
and characteristic impedance of the porous material can be determined. Regardless of the method
used to determine Γ and ζc, sound transmission across the layer of porous material can then be
computed using Eqs. [6] and [2].

3.2 Lumped element option

This option is used for layers that are sufficiently thin such that wave propagation through the layer
is not supported. In this case, the transmission matrix is given by(

T11 T12

T21 T22

)
=

(
1 ζtran
0 1

)
, (10)

where ζtran is used to represent the change in impedance across the layer. This is used with Eq. [2]
to determine the change in acoustic pressure across the layer.

3.2.1 Resistive layer

Perhaps the most common resistive layer (Fig. 6) is a simple wire mesh. This type of material is
often employed as a septum (internal layer) for liners used on the walls of commercial aircraft engine
nacelles. It is also sometimes used as a facesheet for the liner.

The transfer impedance for a resistive layer is given by

ζtran =
Rf

ρc
, (11)

where the flow resistance Rf , of the resistive layer is generally determined via measurements con-
ducted with a raylometer [15] (a test rig used to measure the static pressure drop across a material
as a function of the mean velocity through the material).

n

n+1

Figure 6: Sketch of resistive layer.

3.2.2 Thin perforated sheet

For conventional perforated sheets where the sheet thickness and hole diameter are nearly the same
(h ≈ d, see Fig. 7), the transfer impedance across the layer can be computed using a perforated
facesheet impedance model [1]. The model that is currently applied is a modified version of the
Motsinger and Kraft Model given by

2Note that the NASA Langley versions of the Two-Thickness and Two-Cavity Methods output a dimensional
version of the propagation constant, G = kΓ.
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ζMKM = ζtran+
pn
un

=
32µh

ρc (σCD) d2
+

0.98

2c (σCD)
2uRMS+

Mave

σ {2 + 3.32 (δ1/d)}
+j

k(h+ ϵd)

σ
+
pn
un

, (12)

where
ϵ =

0.65 (1.0− 0.95
√
σ)

1 + 305M3
ave

(13)

and the impedance of the portion of the chamber that is below the perforated sheet is captured via
the pn/un term.

The RMS acoustic particle velocity is typically determined via

uRMS =
Pref10

SPL/20

ρc |ζMKM|
. (14)

Since this parameter varies with the impedance at the surface of the perforated sheet, ζMKM and
uRMS must be determined iteratively. Equation [12] is then used to separate out the ζtran term for
use in Eq. [10].

n

n+1

Figure 7: Sketch of thin perforated sheet.

Some of the parameters are computed differently depending on whether the perforated sheet is
used as a septum or a facesheet. When the sheet is used as a septum, the proper choice of the SPL
will depend on other factors and is therefore left to the user to decide which is best. One option is
proposed by Kreitzman and Jones [16], where the backplate acoustic pressure is iterated upon until
the target surface SPL is reached. By doing this, appropriate particle velocity effects are captured
for every element within the transmission line. Also, there is clearly no contribution due to mean
flow (Mave = 0) for the septum. When used as a facesheet, the total SPL at the liner surface is
assumed to be known and is therefore used in the computation. Additionally, if tangential mean
flow is present at the liner surface, this is included in the computation as well.

3.3 Thick perforated sheet

The last type of layer is a much thicker perforate sheet (h ≫ d, see Fig. 8). As with the other
layer types, the goal of the computation is to determine the change in acoustic pressure and par-
ticle velocity (and hence, acoustic impedance) between locations n and n + 1. However, there are
additional transitions that are incorporated into this computation, as depicted in Fig. 9.

9



n

n+1

Figure 8: Sketch of thick perforated sheet.

1
2

34

Figure 9: Expanded view of thick perforated sheet.

It is assumed that the acoustic pressure and particle velocity are known at the horizontal plane
at vertical location 1 (i.e., equal to the outlet pressure and velocity from the previous layer, corre-
sponding to plane n in Fig. 8). The acoustic pressure and acoustic mass flow are assumed to be
constant across the interface between planes 1 and 2. These are, respectively, given by

p2 = p1 and u2 =
Acu1
NpAp

. (15)

Sound transmission between planes 2 and 3 is computed as described in Section 3.1.1 with just
one difference. For this computation, the shear wavenumber is computed as

s =
d

2

√
ρω

µ
, (16)

where the chamber diameter D in Eq. [5] is replaced by the hole diameter d. Again, it is assumed
that the acoustic pressure and acoustic mass flow are constant across the interface between planes 3
and 4 (corresponds to vertical plane n+ 1 in Fig. 8). These are given by

p4 = p3 and u4 =
NpApu3

Ac
. (17)

Note that this layer type is assumed to be linear, whereas the perforate facesheet model used in
Section 3.2.2 attempts to account for nonlinear effects via the RMS acoustic particle velocity term.
However, this is assumed to be acceptable since nonlinear effects are minimal when h ≫ d.

4 Normal Incidence Tube (NIT)

The NASA Langley Normal Incidence Tube (Fig. 10a) was used to determine the surface impedance
for the test samples considered in this study. This 2”×2”×36” waveguide uses six acoustic drivers
to generate a controlled-amplitude, swept-sine source [17]. Three microphones (represented as red
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dots in Fig. 10b) are flush-mounted with the interior wall of the NIT. One is used as a reference
microphone that enables the source magnitude to be set to a desired level, and the other two are
mounted in a rotating plug that enables precise interchange of their positions. Acoustic pressures
acquired with these microphones are used with the Two-Microphone Method (TMM) [15,18,19] to
determine the surface acoustic impedance of the test liner. The discussion for each layer type in
Section 5 includes a description of the liner configuration and test conditions used in this study.

(a) Full NIT.

Waveguide

Rotating Plug

Measurement Microphone Ports

Reference Microphone Port

Sample Surface

(b) Measurement section expanded view.

Figure 10: Drawings of the NASA Langley Normal Incidence Tube (NIT).

5 Model Validation

Results for sample cases that use each of the layer types are presented in this section. These
impedance predictions are compared against impedance spectra educed from data acquired in the
NIT. Test samples are chosen from those acquired by the NASA Liner Physics Team in support of
a number of other tests. The comparisons included here are intended to demonstrate the features
of the ZKTL-SC analysis model, and are not intended to represent the best (or worst) possible
comparisons achieved with the underlying models for each layer type. It should be noted that the
actual partition thicknesses are included in each validation case presented here using the approach
described in Section 2.2.3. Computations for other samples with increased surface blockage appear
to confirm the validity of this approach, but will need to be further assessed in future studies.

5.1 Open-Air Layer

Figure 11 presents a comparison of normalized impedance spectra for an open layer such as that
depicted in Fig. 4 with the addition of a rigid backplate. The height of the air layer is 1.51” and the
chamber is hexagonal (conventional phenolic honeycomb core) with a flat-to-flat surface dimension
of 0.375”. The source SPL for this test is set to 120 dB.
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The viscothermal losses along the chamber walls are expected to be very small for a chamber of
this size. The sound field in this chamber is confined to plane waves and the chamber thus behaves
as a quarter-wavelength resonator, i.e., the reactance is approximated by χ = −j cot(kh). The
comparison of the predicted and measured impedance spectra is quite favorable.
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Figure 11: Predicted (P) and measured (M) impedance spectra for an open-air layer with a rigid
backplate.

5.2 Porous Material Layer

Two modeling approaches are considered for use with porous material layers. The first is based on
a model that uses the flow resistivity to determine the surface impedance of a chamber containing
porous material, while the second is based on the Two-Cavity Method, wherein two similar samples
with different layer thicknesses are tested and used to infer the bulk properties.

Figure 12 provides results for a 0.5”-thick layer of foam with a flow resistance of 1080 MKS Rayls,
backed with a rigid backplate. This foam was selected because it is currently being considered for use
in an upcoming acoustic scattering test. The flow resistivity measured in the NASA raylometer [15]
is used with the Delany-Bazley-Miki equations (Eqs. [7 - 9]) to predict the surface impedance spectra
of the sample. This predicted impedance is compared with experimental data acquired in the NIT
with a source SPL of 120 dB. The model slightly underpredicts the measured resistance spectrum
but the comparison of predicted and measured reactance spectra is favorable, especially considering
the very limited amount of information (DC flow resistance and layer thickness for the bulk material)
that is included for this type of analysis. The anomalous behavior in the measured resistance at the
lower frequencies is believed to be due to the large reactance magnitude and a corresponding poor
sound absorption of the material at those frequencies.

Figures 13 and 14 present results for an additively-manufactured bulk material, for which the
Two-Cavity Method [14] was used to determine the frequency-dependent values of the propagation
constant and characteristic impedance. This TPMS (triply periodic minimal surface) material was
evaluated in a recent investigation by Brown et al. [20], for which the cell structure can be carefully
designed to achieve desired acoustic characteristics [20]. The source SPL for each of these tests was
120 dB.
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Figure 12: Predicted (P) and measured (M) impedance spectra for a Nomex liner with a rigid
backplate, modeled using Delany-Bazley-Miki equations.

Figure 13 compares predicted and measured impedance spectra for a configuration where the
porous material is backed with a rigid backplate. Excellent agreement is observed for this 1.5”-thick
configuration.
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Figure 13: Predicted (P) and measured (M) impedance spectra for a TPMS liner with a rigid
backplate, using values of Γ and ζc derived from the Two-Cavity Method.

Figure 14 provides the corresponding results for a configuration in which there is a 0.5”-thick air
gap between the rigid backplate and the 1.5”-thick porous material. Although there is a slight dis-
agreement between the predicted and measured values for frequencies near antiresonance (frequency
where reactance crosses zero with negative slope), the agreement is generally quite good.
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Figure 14: Predicted (P) and measured (M) impedance spectra for a TPMS layer above a 0.5”-thick
air gap and a rigid backplate, using values of Γ and ζc derived from the Two-Cavity Method.

5.3 Resistive Layer

Figure 15 presents a comparison of normalized impedance spectra for a sample comprised of a
270 MKS Rayls wire mesh over a 1.5”-thick air gap with a rigid backplate. This wire mesh has been
used for many NASA tests, as it provides a convenient facesheet material for which the acoustic
properties are very weakly nonlinear. This test was conducted with a source SPL of 140 dB.
This SPL was chosen to capture any possible nonlinear effects for this liner type. Viscothermal
losses along the chamber walls are assumed negligible due to the cross-sectional dimensions of these
chambers. As such, the resistance of this liner is typically assumed to be almost entirely driven by
the normalized flow resistance of the facesheet, i.e.,

θ ≈ Rf

ρc
=

270

410
= 0.66. (18)

This result is labeled as the analytical result in the figure. However, the viscothermal losses along
the walls (partitions) of the chamber provide a slight increase in the total resistance of the chamber.
Also, the weak nonlinearity of the wire mesh is not included in the current model.
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Figure 15: Predicted (P; ZKTL-SC), measured (M), and analytical (A; Eq. [18]) impedance spectra
for a mesh over an air gap with a rigid backplate.

The measured resistance spectrum is between the predicted (ZKTL-SC) and analytical (Eq. [18])
values over the majority of the frequency range, with a total spread on the order of 0.02. As expected,
the reactance is dominated by contributions due to the air gap. Due to the scale of the reactance
plot, small deviations between the respective results are only slightly evident.

5.4 Thin Perforated Layer

Figure 16 provides results for a conventional perforated sheet mounted over a 1.5”-thick air gap with
a rigid backplate. This sample was considered in a recent perforate facesheet impedance prediction
model study [1], and was selected because it has an open area ratio (0.091) that is close to the
center of the typical range used in commercial aircraft. The perforated sheet has holes with a
diameter of 0.068” and a sheet thickness of 0.041”. A sound pressure level of 120 dB was used for
this evaluation.

The prediction captures the general trend of the measured resistance spectrum, but differences
remain (note the expanded scale). The predicted resistance increases at resonance (the frequency
where the reactance crosses zero with a positive slope), which is also seen in the measured result,
albeit at a slightly reduced frequency. The difference in the resonance resistance peak between
experiment and prediction is due to discrepancies between the reference microphone SPL and actual
surface SPL. The prediction model uses the reference microphone SPL as the value at the liner
surface. However, in the experiment, the liner surface SPL can be slightly different due to the
small distance between the reference microphone and liner surface. This accounts for the frequency
shift between prediction and experiment, and it can be accounted for if desired. There is also a
seemingly anomalous spike in the measured resistance at approximately 1050 Hz. Note that there
is a very small discontinuity in the corresponding measured reactance spectrum at this frequency,
which suggests this behavior might be due to rattle in the perforated sheet.

Regardless, the differences between the predicted and measured results suggest that further
improvements to the perforate facesheet model (Eqs. [12 - 14]) are warranted. For this configuration,
the reactance is a combination of the air gap (dominated by quarter-wavelength behavior) and the
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mass reactance (last term in Eq. [12]). As shown in Fig. 16, the comparison with the measured
reactance is very favorable.
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Figure 16: Predicted (P) and measured (M) solutions for a thin perforate over an air gap.

5.5 Thick Perforated Layer

Figure 17 provides results for a thick perforate mounted over a rigid backplate. The 3”×2”×2”
perforate has a 19×19 array of 0.05”×0.05” openings. A sound pressure level of 120 dB was used
for this prediction and measurement.

The predicted and measured impedance (both resistance and reactance) agree very well for
frequencies away from antiresonance. When the impedance magnitude becomes large, the majority
of the sound is reflected from the surface. As a result, the liner provides minimal sound absorption.
Thus, favorable comparisons between the predicted and measured results are achieved over the
frequency range where the liner provides noticeable sound absorption.
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Figure 17: Predicted (P) and measured (M) solutions for a thick perforate over an air gap.
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6 Concluding Remarks

This paper presents the latest version of a transmission line model, labeled as ZKTL-SC, used to
predict the acoustic impedance at the surface of an acoustic liner. The ZKTL-SC model is comprised
of a number of component models used to compute sound transmission through different types of
layers that might constitute an acoustic liner. This update incorporates the capability to account
for a variety of layer types (including open air, porous material, and perforate layers) that may
be combined into a single chamber acoustic impedance prediction by starting at the backplate and
ending at the liner surface. The specific acoustic impedance at the surface of this liner chamber is
given by the ratio of acoustic pressure to acoustic particle velocity at that location. For uniform
liners with sufficiently thin partitions between adjacent chambers, the specific acoustic impedance
of the entire liner is equivalent to the impedance of the individual chamber.

If the adjacent chambers have different components, their respective impedances will also differ.
A simple approach for computing an equivalent (smeared) impedance over a group of chambers
within an acceptable spatial extent (nominally λ/3 at the highest frequency of interest) was also
provided. For those cases where the partitions between adjacent chambers are sufficiently thick, as
is often the case for additively-manufactured liners, this updated approach can be used to compute
partition effects on the surface impedance.

Comparisons of predicted and measured (or analytical) results were provided for sample cases
with each type of liner layer. In general, the comparisons are quite favorable, although there is
clearly room for improvement for the modeling of a few of the layer types (the perforate facesheet
model in particular). Fortunately, the construction of the transmission line model is such that
modifications to any of the individual layer models can be easily incorporated as they become
available.
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