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Abstract: Rising numbers of flights and aircrafts cause increasing aircraft noise, resulting
in the development of various approaches to change this trend. One approach is the
application of metallic liners in the hot gas path of aero-engines. At temperatures of up to
600 °C only metallic or ceramic structures can be used. Due to fatigue loading and the
notch effect of the pores, mechanical properties of porous metals are superior to the ones of
ceramic structures. Consequently, cellular metals like metallic foams, sintered metals, or
sintered metal felts are most promising materials. However, acoustic absorption depends
highly on pore morphology and porosity. Therefore, both parameters must be characterized
precisely to analyze the correlation between morphology and noise reduction performance.
The objective of this study is to analyze the relationship between pore morphology and
acoustic absorption performance. The absorber materials are characterized using image
processing based on two dimensional microscopy images. The sound absorption properties
are measured using an impedance tube. Finally, the correlation of acoustic behavior, pore
morphology, and porosity is outlined.
Keywords: acoustic absorption; porosity; pore size; impedance tube

1. Introduction
Due to increasing traffic, many people are exposed to significant noise loads causing insomnia and
other reactions, which impair health and productivity [1,2]. The rising number of flights and aircrafts
causes an excessive air traffic noise increase. To change this development, various approaches have
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been developed to reduce the different noise sources like airframe noise, jet noise or engine noise. One
approach to reduce this noise is the application of noise reducing liners in the hot gas path. Due to the
elevated temperatures and high fatigue loading in this part of the aero-engine, conventional passive
absorber materials cannot be used. Polymers are not able to bear the heat and brittle ceramic structures
would crack due to the mechanical loading. Consequently, this study focuses on cellular metals, which
can resist elevated temperatures as well as fatigue loading and, additionally, resemble geometrically
conventional passive absorbers. Depending on the production processes, e.g., sintering of metal fibers [3],
powder processing using a foaming agent [4], coating of polymer foams [5], or melt infiltration
techniques [6], the characteristic dimensions of the porosity are usually in a range of 0.01 mm to 10 mm.
Here, the relationship between sound absorption, pore size and porosity is analyzed and discussed.
Finally, a conclusion is given suggesting suitable cellular metals for their application as liner materials.
2. Material Characterization
The characterization of the different cellular metals, see Table 1, is performed by using light
microscopy. Therefore, all samples are embedded into a polymer, grinded and polished. The images
must contain a representative area with a reasonable amount of pores, while details still contain a
sufficient amount of pixels, see Figure 1(a). Since porous material is not homogenous, several images
were taken to average results. In the first step, the microscopy images are binarized to generate black
and white images; see Figure 1(b). In the second step, a smoothing routine is applied to remove areas
of less than ten connected white pixels in a black area and vice versa to reduce noise from the image
acquisition; see Figure 1(c). The pixel ratio of black and white pixels gives the porosity. Furthermore,
a line segmenting method is applied to measure the average pore size [7,8]. Therefore, a lattice of
parallel lines with a defined distance is superimposed on the image. The superimposing lines are
rotated from 0° to an angle of 180° in 1°-step. The arithmetic average of the segment lengths in both
phases is calculated for every angle. Black areas are pores and white areas are ligaments. The average
segment lengths are plotted in a polar coordinate system forming an ellipse for each phase, see Figure 2.
Due to symmetry, a half ellipse contains all information. If the obtained ellipses are circular, there is
no preferred orientation of pores and an average pore size can be defined by averaging the segment
lengths of each single angle. Average pore size and porosity of the analyzed materials are given in
Table 1. In Figure 3, the porosity of the analyzed metallic absorber materials is plotted against the pore
size. Sintered metals have comparably low porosity (20% to 50%) and the pore size ranges from some
microns to around 120 µm. The porosity of sintered fiber felts is between 60% and 96%, the pore size
ranges from some microns to some hundred microns. The porosity of metal foams is between 82% and
95% with pore sizes above 100 µm.
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Figure 1. Three steps of image pre-processing for the line segmenting method on MF-50.
(a) Light microscope image; (b) Binarized image; (c) Structures < 10 pixels deleted.

(a)

(b)

(c)

Figure 2. Microstructure ellipses based on five different images of MF-50.

Figure 3. Analyzed porous materials with properties shown in Table 1.

Table 1. Material properties of metal foams (MF), sintered flakes (SF), sintered spheres
(SS) sintered fiber felts (SFF).
Material
MF-50
MF-450
MF-580
MF-800
MF-1200

Alloy
Haynes Alloy 230
NiFe22Cr22Al6
NiFe22Cr22Al6
NiFe22Cr22Al6
NiFe22Cr22Al6

Porosity
82%
90%
92%
94%
95%

Cell/pore size *
n/a
450 ± 45 µm
580 ± 60 µm
800 ± 80 µm
1200 ± 120 µm

Average pore size
121 ± 9 µm
380 ± 19 ** µm
445 ± 18 ** µm
538 ± 58 ** µm
656 ± 59 ** µm
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Table 1. Cont.

Material
SF-7.5
SF-20
SF-115
SS-25
SS-80
SFF-1
SFF-15
SFF-25
SFF-50
SFF-100
SFF-120
SFF-150

Alloy
Hastelloy X
Hastelloy X
Hastelloy X
CuSn12
CuSn12
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)
Fe-22Cr-5Al (316 L)

Porosity
20%
35%
50%
30%
25%
60 *%
77 *%
80 *%
68 *%
84 *%
92%
96%

Cell/pore size *
1.4~8 µm
12~25 µm
24~117 µm
8~21 µm
37~175 µm
3~10 µm
13~26 µm
22~52 µm
33~98 µm
38~112 µm
n/a
n/a

Average pore size
8.6 ± 1.2 µm
22 ± 2 µm
113 ± 13 µm
25 ± 2 µm
80 ± 12 µm
6.7 * µm
18 * µm
29 * µm
51 * µm
99 ± 8 µm
337 ± 83 µm
386 ± 14 µm

* information of producer; ** values slightly influenced by hollow struts.
3. Acoustic Absorption Measurement Using an Impedance Tube
In an impedance tube, a noise generator emits a plane wave. The angle of incidence between the
surface of the absorber material and the direction of the sound wave is 90°. Behind the absorber is a
sonically hard wall, which reflects the sound waves. Two microphones measure the sound pressure of
incident (pincident) and reflected (preflected) waves, which gives the factor of reflection r and the acoustic
absorption α in dependence of the sample thickness [9]:
r=

p reflected
pincident

=

pˆ reflected ⋅ e ikx
pˆ incident ⋅ e −ikx

α = 1− r

2

(1)

(2)

The sound pressure levels at the microphone positions x1 and x2 are defined as:
p1 = pˆ incident ⋅ e ikx1 + pˆ reflected ⋅ e − ikx1 ; p 2 = pˆ incident ⋅ e ikx2 + pˆ reflected ⋅ e − ikx2

(3)

The microphone spacing ( s = x1 − x2 ) gives the transfer functions of incident wave H1, reflected
wave H2, and entire interference field H3. p1incident is the incident part of p1 and p1reflected is the reflected
part of p1. The same applies for p2.

H1 =

p 2 reflected
p 2incident
p
e ikx2 + r − ikx2
= e −iks , H 2 =
= e iks , H 3 = 2 = ikx1
p1incident
p1reflected
p1 e + r −ikx1

(4)

Solving these equations gives the factor of reflection r which can be inserted in Eq.2 to calculate the
acoustic absorption α [9]:

r=

H 3 − H 1 2ikx1
⋅e
H2 − H3

(5)

In this study, frequencies between 1 kHz and 7.5 kHz were analyzed. All samples were machined to
fit precisely into the tube to avoid small gaps between sample and tube. Additionally, the tube was
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greased to avoid sample movement. The measurements were performed on single samples and sample
stacks in front of an acoustic hard wall to analyze the influence of the absorber thickness, see Figure 4.
Figure 4. Acoustic absorption of porous materials (detailed description of material
properties in Table 1). (a) Absorption of MF-1200; (b) Absorption of MF-450;
(c) Absorption of MF-50; (d) Absorption of different metal foams; (e) Absorption of
different sintered metals; (f) Absorption of different metal fiber felts.

(a)

(b)

(c)

(e)

(d)

(f)
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4. Discussion

All conducted measurements show poor absorption of low frequencies, supporting results of
previous studies on passive absorbers [10]. At higher frequencies, acoustic absorption of cellular
metals can reach values of more than 90%. Figure 4(a)–(d) show, that materials with bigger pores need
thicker absorbers to reach high acoustic absorption in comparison to materials with smaller pores.
Figure 4(e)−(f) show measurements of materials with similar pore sizes but different porosity.
Materials with higher porosity show higher absorption due to reduced reflection of sound waves from
the surface of the absorber material, since acoustic absorption can only be reached if the acoustic
waves can couple into the absorber. Even if the porosity is high, low acoustic absorption results if the
pores are too small, see Figure 4(f). Here, only cellular metals with pores taller than 50 µm showed
satisfactory acoustic absorption. According to the law of Hagen-Poiseuille, the pore size is the
dominant factor to influence the static air flow resistivity. The smaller the pores, the higher the static
air flow resistivity and vice versa. In literature, the product of static air flow resistivity and absorber
thickness is described as the most important parameter for acoustic absorption. The Delany-Bazley
model is able to predict acoustic absorption using only static air flow resistivity and absorber
thickness. Applicability is limited, since it is valid only for fibrous absorber with porosity close to
one [11,12]. In aero-engines, the variation of the absorber thickness is limited. The maximum
thickness is restricted due to the available space and the minimum thickness is defined by the
requested material strength. Consequently, static air flow resistivity or pore size must be considered
when selecting liner materials, respectively. Here, material with high porosity and pores taller than
50µm had the best acoustic absorption. Note, that all tests were performed at 20 °C. At 600 °C, slightly
different results are expected due to changing properties of air.
5. Conclusions

One approach to reduce noise of aero-engines is the application of liners in the core-engine. Due to
temperatures of up to 600 °C and the mechanical load, only metallic materials like metal foams,
sintered metals or sintered fiber felts can be used. Acoustic absorption can only be reached if sound
waves can couple into the absorber. To reduce reflection of sound waves from the absorber surface, the
porosity of absorbers should be high, here 80% to 95%. For the analyzed frequency range, a minimum
pore size of around 50 µm is needed. To reach similar sound absorption levels with material containing
bigger pores, thicker absorber is needed. Consequently, metal foams or sintered metal fiber felts with
pore sizes above 50 µm are the most suitable materials, since the porosity of sintered metals is too low.
Note, that all tests were performed at room temperature.
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