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into tonal noise (for example rotor-alone noise, buzz-saw noise
and rotor-stator interaction noise) and broadband noise. In
recent years, with the implementation of various tonal noise
reduction methods (e.g. improved passive absorbers in the
engine inlets and bypass sections, cut-off design of the number
of blades and vanes), broadband and tonal noise sources
contribute equally to the radiated fan noise for modern aero
engines. Although broadband noise may be not as annoying to
the public as tonal components, prospective future reduction in
the level of fan tones puts emphasis and pressure on the
broadband noise studies (1).
There appear many experimental methods in the
broadband sound determination. Karchmer and Reshotko (2-3)
used ordinary coherence function between internal
measurements and far-field microphones to derive the core
noise at far-field locations by calculating the coherent output
power. However, extraneous noise contamination at an internal
microphone can lead to significantly lower core noise result at
the far-field location than the true value. For such situations,
Chung (4) used flow noise rejection technique to identify the
internal core noise contribution to far-field noise measurements.
A partial coherence technique was developed by Ahuja (5),
which can distinguish two sources in the presence of extraneous
noise using five microphones. Bennett et al. (6-9) applied
analysis techniques which allow the contribution of linear and
non-linear mechanisms to the propagated sound to be identified
into tonal and narrow band noise when modal decomposition
was achievable at multiple locations in the duct. Crosscorrelation method is used not only to identify the contribution
of turbomachinery core noise source to far-field measurements,
but also to quantify the sound power in flow duct. Abom (10)
used transfer function measurements between microphone pairs
to separate the modes into incident and reflected parts. For the

ABSTRACT
For the evaluation and improvement of fan noise reduction
notions and the verification of broadband sound power
measurement in flow ducts, special interest was given to the
analysis of the broadband noise fields in duct. Two axial sensor
arrays were wall-flush mounted upstream of a single-stage axial
fan in the circular duct section of the fan inlet, staggered by
180° in the circumferential direction. During the tests, the
rotating drum was rotated by step of 6 degrees to give a total
840 measurement points. There are two static reference
microphones mounted upstream of rotating measurement
section. Time-series of 12 seconds duration were recorded at
each of the 30 azimuthal positions of the rotating duct in order
to allow for a statistically accurate cross-correlation data
analysis. This method is able to discriminate the sound waves
propagating in upstream and downstream directions. Special
attention was given to the blade passing frequencies of the axial
fan. Rotor-stator interaction mode dominates the incident sound
field, while modes with low azimuthal order play an important
role in the reflected sound field. The reflected broadband sound
power is almost 10dB lower than the transmitted sound field in
a broad-frequency range. On the whole, this method behaves
robustly in decomposition of broadband noise in flow duct and
delivers physically meaningful broadband mode amplitudes.
Keywords: broadband noise; mode amplitude analysis; induct array; turbomachinery; axial fan
Ⅰ. INTRODUCTION
Aero engines of today’s civil aircraft are the dominant
noise sources for most flight conditions. Noise emitted by the
fan dominates the total engine noise at most conditions,
especially during approach. Generally, fan noise can be divided
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in-duct sound power determination, the detailed knowledge of
the in-duct acoustic sound spectrum is of great interest. Since
the early 1960s, many experimental techniques have been
developed and applied to decompose the sound fields in flow
ducts into its modal constituents (11-16). One azimuthally
traversable radial sensor rake is used in most experimental
radial mode analysis applications in the literature (14, 15 and
16). This arrangement has the advantage of numerical
robustness, however, its drawbacks are more obvious. For
example, this arrangement is not able to discriminate radiated
and reflected modes. Furthermore, radial rakes may interfere
with the primary sound field, especially in the situation of
detecting the high radial order modes in duct when more radial
sensors need to be installed. Therefore in-duct sensor arrays
which consist only of wall-flush mounted sensors are
recommended in the radial mode decomposition.
Based on the research of Chung (4) and Michalke (17 and
18), Enghardt (19) developed a new experimental technique,
which enables not only the calculation of in-duct transmitted
sound power for dominant tones, but also for broadband noise
over a wide frequency range. This technique is based on the
precondition that modes with different mode orders (m, n) are
mutually uncorrelated, and the pressure time-series are timeaveraged for a suitably long period. This method can be applied
to data sets acquired with the help of traversable duct section
equipped with a comparably low number of sensors (20).
Before applying reference correlation method to the situation
when a rotating sensor array is used to acquire the sound
pressure series, the precision of it need further analysis. Further
studies about mode decomposition were conducted by Tapken
and Enghardt (21-26) in the field of optimization of sensor
arrangements for in-duct radial mode analysis at high
frequencies. An improved method was validated against
theoretical result for a generic test case, which is based on
sound pressure cross-correlation measurements with an array of
sensors (23).
To deepen the understanding of sound generation
mechanisms in axial fan, reference correlation technique was
experimentally applied to a low-speed laboratory-scale fan rig.
In this paper, two rotating axial sensor arrays were mounted
wall-flush upstream of the fan stage. Special attention was
given to the radial mode decomposition at blade passing
frequency (BPF) and its harmonics both in the forward and
reflected directions. In the broadband frequency range, sound
power carried by different modes were compared. Two static
reference sensor were used to testify the dependency of this
method on reference sensor position both in tonal and
broadband noise component. The link between the near-field
and far-field noise results was preliminarily analyzed in this
paper.
This paper can be divided into seven sections. Section II
provides a theoretical background on mode propagation in hard
wall ducts. Section III introduces the modal decomposition
method used in this paper. The radial mode decomposition
procedure is shown in detail in section IV. In section V, the
experimental set-up is introduced in three parts. Sound fields

within the flow duct and also the radiation noise results are
depicted in section VI.
Ⅱ. THEORETICAL BACKGROUND
The sound field transmitted in a duct is described as a
linear superposition of an infinite number of modes. The
detailed measurements of propagating modes (m, n), the
dominant tonal sound power and the relative amplitudes of
modes propagating in duct is very important. Under the
assumptions of uniform, isentropic and incompressible flow,
invariant axial and azimuthal flow profiled as well as the duct
section geometry, and stationary mean temperature and density,
the propagation of sound in duct can be described by the
following general differential equation (27).

1 D2 p

 2 p 1   p  1  2 p
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Where p is the complex sound pressure. Although an
infinite number of solutions exist, physical conditions allow
only for a fixed subset of modes to propagate (28). The number
of modes being able to propagate in the duct depend on these
factors: duct geometry, the frequency of sound, the flow field
and the acoustic boundary conditions. Each mode has a specific
cut-off frequency, below which it will decrease exponentially.
Thus a duct can be interpreted as a high pass filter for modes in
duct. The higher the frequency, the more modes can propagate
along the duct (29).
The solution of the wave equation (1) for a specific
frequency component is represented by a linear superposition
of propagating modes.
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where p is the sound pressure, Amn
and Amn
are the complex
modal amplitudes of the mode propagates upstream and
downstream with the azimuthal order m and the radial

order n . kmn
are the axial wave numbers,  is the angular
frequency, t is the time. In the general case,  represents
parameters of modes propagate upstream and downstream. The
term mn represents the radial mode shape function associated
with the eigenvalues of the radial differential equation. The
mode shape factors are given by:
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The definition of the normalization factor Fmn is given in
(3). M x represents the Mach number of the flow, in this
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notation U c , the plane wave number is defined as k   c
and R is the outer radius of the duct. In the case of hard-walled
acoustic boundary conditions, the modes form an orthogonal
eigenvalue system with the Bessel function of the first
kind J m and the second kind Ym (Neumann function) of
order m . Qmn is an amplitude factor, which scales the second
solution term according to the boundary conditions. In case of a
cylindrical duct, it will be zero. The index m, known as the
circumferential mode order, indicates the number of periods of
sound pressure variation in the circumferential direction. The
index n, which is the radial mode order, gives the meaning of
the sound pressure nodes (zero pressure nodes) present along
the radial direction. Each mode combination (m, n) contains
two sound waves propagating upstream and downstream with



M x  1 
cos  
1 M x 1

(7)

Finally the mode amplitudes can be determined with a
least-mean-square fit method (e.g. singular value
decomposition method). Sound power results propagating
upstream and downstream can be calculated according to
Morfey (29) as follows:

 mn  4
 R2
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The excited modes depend on their generation mechanism,
for example by rotor-stator interaction. For the tonal component
of the sound, these modes are correlated with the source and
with each other. When comes to broadband noise, one can
assume that these modes are uncorrelated with each other. A
given point-to-point coherence in space cannot be captured
experimentally with short periods of time (20). The only
possibility to model broadband noise is by a statistical
description in terms of mean values and spatial crosscorrelation (19). RC method makes use of the spectral crosscorrelation of one static reference sensor with all other sensors
to build a correlation coefficient matrix of modes after the
pressure time-series are time-averaged for a suitable long
period.
A brief outline of this technique is presented here.
Consider two microphones indexed as mic and ref, using
equation (2), the cross-correlation of the two measured
pressures can be described in terms of the constituent modes in
the form of equation (11) as:

(4) defines which acoustic mode can propagate in duct without
decay. The specific frequency for each mode is defined by:


Pmn
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Ⅲ. MODAL DECOMPOSITION METHODS
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and the subsequent propagation angle is given by:


the amplitude Amn
and Amn . The axial wave number in equation
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The mode cut-on ratio is defined as:
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precondition that modes with different mode orders (m, n) are
For simplicity, index i and j are used to represent mode
mutually uncorrelated.
waves with specific mode order (m, n), respectively. Under the
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The terms produced by modal amplitudes in equation (13)
can be rewritten as follows:

(14)

This causes certain cross term to fall to zero by
considering the effect of taking an integral of the cross-spectra
over the surface area of the cylinder. So the term in square
brackets in equation (13) become negligible, so equation (13)
can be simplified as:
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Applying this simplification to equation (13), then equation
(11) can be rewritten as equation (18), in which
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Where the superscript H denotes the Hermitian transpose of a
vector. It is readily shown that the optimal estimate of the
source strength vector which minimizes the cost function is
given by:

A=[W H W]-1W H  p

(24)

As discussed in detail by Nelson and Yoon (30 and 31), the
solvability and stability of equation (19) as well as the
sensitivity of the system rely on the condition number of the
transfer function matrix  (w) . Here, the matrix condition
mainly depend on the frequency kR , the cut-on mode orders m
and n, the duct hub-to-tip ratio, the mean flow parameters and
the chosen measurement positions (20). The condition number
is defined as the ratio of the maximum to the minimum singular
value,

Generally, there will be more parameters than unknowns.
It is assumed that the measured vector of pressures is equal to
the modelled mode vector plus a vector e whose components
represent the effect of contaminating noise.
The common approach to problems of this type is to find
the linear least squares fit for the complex source strength
vector A. This method ensures the minimization of the sum of
the squared errors (residuals).
And the cost function for minimization is defined by
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The detection of the radial mode spectrum can be regarded
as an inverse problem, i.e. the solution is calculated by means
of an inversion of the matrix W which is the transfer function
matrix between the measured complex sound pressure values p
and the radial mode amplitudes A：
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In equation (15), each propagating mode will generate 4
values in the matrix. It is useful to simplify the matrix and
reduce the degrees of freedom in the equation system. If we
define
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However, the condition number and radial mode analysis
accuracy can be controlled by the regulation parameter  . It
defines the minimum singular value that is accepted in the
singular value decomposition (SVD) of the matrix w , i.e. all
singular values
are discarded.

   min     max

the center of the inlet nozzle, in which 16 equiangular




microphones were installed from 0 to 90 (see Figure 3). In the
outlet, an anechoic termination device was installed to prevent
the reflections of the downstream mode waves and also the
motor noise. In the baseline configuration, the fan stage is
equipped with a 19-bladed rotor and an 18-vaned stator. The
fan stage major design parameters are listed in Table 1.

(26)

Tab. 1 Design parameters of compressor

Ⅳ. STRATEGY OF THE EXPERIMENT
The broadband mode decomposition procedure can be
summarized as follows (shown in Figure 1):

Design parameters

Design value

Number of blades
Number of vanes
Rotate speed（rev/min）
Rate of flow（kg/s）
Total pressure ratio
Outside diameter（mm）
Hub ratio
Span-chord ratio of rotor
Span-chord ratio of stator
Airfoil shape

19
18
3000
6.3
1.02
500
0.57
1.2
1.2
NACA-65

B. Sensor Arrangement
Two wall-flush mounted microphone arrays were mounted
in the rotating drum (see schematic view in Figure 4). Each
array was populated with 14 microphones. The two arrays were
equally distributed over the circumferential range on the
rotating drum, with 180°angular distance. The drum was
traversed azimuthally over 180 degrees in steps of 6 degrees to
give a total of 840 measurement points. Plastic fastening bolts
were used here such that each microphone diaphragm was
placed flush with the inner wall of the duct. Figure 4 depicts a
schematic view and a photograph of the rotating drum. The
drum was driven by a stepper motor, which ensures an angular
variation of 6 degrees per step with the help the big gear shown
in Figure 4. Two static reference microphones were located
upstream of the rotating drum for the purpose of the broadband
sound power determination. They were placed in the same
cross-section with different circumferential angles ( 0 as ref#1
and 260 as ref#2).

Figure 1. Schematic of the analysis steps to be conducted for RC method.

a)

Acquire time-series of in-duct pressure at various
positions with a rotating sensor array and two stationary
reference microphones simultaneously;
b) Perform FFT with hamming window and carry out a timeaveraged calculation of the cross-correlation between each
individual pressure sensor signal and the reference sensor
signals subsequently;
c) Establish matrix equation (18) for all propagating modes
and solve the inverse problem with SVD method;
Calculate the sound power transmitted in upstream and
downstream directions up to a certain high frequency with the
decomposed modal amplitudes.

C.

Data Acquisition

The data acquisition was triggered by an one-pulse-perrevolution signal of the rotor shaft, recorded by the
photoelectric sensor, to preserve the phase relation between the
measurement data and the sound sources. 1/4 inch condenser
microphones produced by B&K were used to measure sound
pressure level. The sensitivity is 3.2mV/Pa. The time-series of
28 moving pressure sensors plus two static reference signals
and the photoelectric data were simultaneously recorded on a
32-channel Müeller BBM MK II data acquisition system. The
sampling rate was 16384 Hz with an AD conversion of 16-bit
resolution. Time-series of 12 seconds length were recorded at
each of the 30 azimuthal positions of the rotating drum.

Ⅴ. EXPERIMENTAL SET-UP
A. Fan Rig
Acoustic measurements on the low-speed laboratory-scale
fan rig of Turbomachinery Aerodynamics & Acoustics
Laboratory were performed in the semi-anechoic chamber of
Aircraft Strength Research Institute (ASRI) in CHINA, which
is shown in Figure 2. Due to the size limit of the chamber, only
the inlet section of the fan rig was placed in the semi-anechoic
chamber. A polar circle array was placed 5 meters away from
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Figure 2. Low-speed fan rig in ASRI.

Figure 3. Lay-out of far-field noise measurement.

Figure 4. Schematic view and the picture of the rotating duct with two microphone arrays consisting of 14 sensors.

6
Downloaded From: http://proceedings.asmedigitalcollection.asme.org on 10/30/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

Copyright © 2017 ASME

propagate within the duct with radial mode order n=0 and n=1.
Modal sound power results calculated with ref#1 (left in Figure
6) agree well with that of ref#2 (right in Figure 6) both in
upstream (see Figure 6 top part) and downstream (see Figure 6
bottom part) directions. Mode (1, 0) dominates the upstream
tonal noise component, which is at least 8dB higher than other
mode waves. This is consistent with Tyler & Sofrin mode
theory. The reflected mode waves results (i.e. mode waves
transmitted downstream) show that (0, 0), (0, 1) and (1, 0)
modes are higher than all the rest of the cut-on modes. A
deviation of at least 6dB appears between them, which
indicates that sound power is concentrated in lower order mode
waves. There are twenty-five modes can propagate in the flow
duct at 2BPF. Reference correlation method delivers almost the
same results when using different static microphone as
reference signal. Rotor-stator interaction mode (2, 0) dominates
the incident tonal sound fields. However, the difference
between the interaction mode and other modes is much lesser
than it at 1BPF. Modes with low circumferential order play an
important role in the reflected sound fields, this phenomenon is
more obvious at 2BPF than it at BPF. This can be attributed to
the fact that sound waves with lower azimuthal order have
smaller radiation angles than waves with higher azimuthal
order. This will be discussed in detail in the radiation results.
Modal sound power with radial order n  1 seem to be
stronger than other radial modes in the reflected sound fields.

Ⅵ. EXPERIMENTAL RESULTS
A. Radial Mode Decomposition
According to equation (7), total number of propagating
modes and max mode orders (m, n) as function of frequency
can be calculated (depicted in Figure 5). In this paper, radial
mode decomposition was conducted up to 2.5 kHz. At this
frequency, 38 modes can propagate along the flow duct, the
maximum azimuthal order is m  9 , and the maximum radial
order is n  3 .

Figure 5. Total number of propagating modes and max mode orders (m, n)
as function of frequency.

Figure 6 and Figure 7 show the modal sound power results
in upstream and downstream directions calculated with
different reference signal at BPFs. At 1BPF, 8 mode waves can

Figure 6. Modal sound power results at BPF: left is the results calculated with ref #1, right is with ref #2;
top is upstream sound wave, bottom is downstream mode values
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Figure 7. Modal sound power results at 2BPF: left is the results calculated with ref #1, right is with ref #2;
top is upstream sound wave, bottom is downstream mode values

(a)

(b)

(c)

Figure 8. Broadband sound power results: (a) depicts the comparison between SPL and PWL results; (b) is calculated with ref#1; (c) is calculated with ref#2.

tonal noise can be attributed to the rotating axle noise and the
vibration noise caused by poor assembly process.
Figure 8(b) and 8(c) depict the broadband sound power
results propagating upstream (dark line) and downstream (red
line) with different reference microphone. On the whole, the
incident sound waves are much higher than the reflected waves.
The disparity can reach 10dB in broad frequency range. An
obvious difference appears at tonal frequencies, especially at
1BPF, a deviation of 7dB arises in the sound power propagating
upstream and downstream. The derived sound power results
demonstrate that the position of the reference signal has
negligible effect on the final outcome of RC method. This
confirms high robustness of this method in broadband sound

B. Broadband Noise Determination
Broadband sound power results can be calculated in
upstream and downstream directions according to equation (8).
Figure 8(a) shows a typical broadband sound power spectrum
(the upstream component), which is calculated by the method
mentioned in section III. The dark line is the sound pressure
level averaged over all sensor positions. It is pretty obvious that
from a certain frequency on, decomposed broadband sound
power spectra demonstrate the same characteristics as the
sound pressure spectrum. Low-hybrid spikelet appears in the
averaged sound pressure level result and also the decomposed
sound power results, which means these tonal noise is realistic
noise in the flow duct, not a calculation-induced error. These
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wavelength is close to infinity. Therefore, the analysis of the
mode wave theoretically needs sensors to be arranged on
infinite scale. In the broadband frequency range, the amplitude
of each mode becomes very close, that is to say, the energy
carried by each mode in the broadband frequency range is close
to the same, which is consistent with Equal Energy Per Mode
(EEPM) in the usual sense.

power determination from another perspective.
Figure 9 illustrates the incident broadband modal sound
power results in flow duct. In order to show more clearly, three
sub-plot are used here. When a new mode is just cut on, a much
higher modal amplitude appears in the decomposed results.
This is induced by mathematic error. Mode axial wave number
is approximately equal to zero (when axial Mach number is
low) near the cut-on frequency, at this time the calculated

Figure 9. Modal sound pressure spectra
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modes carry high power in the derived tonal sound fields
(shown in Figure 6 and Figure 7), they may be responsible for
the peaks θ  30 in Figure 12 at 1BPF and 2BPF. Although
the scattering and refraction properties of modes with various
azimuthal and radial orders are different, the far-field noise is
still governed by the dominant modes in the flow duct.

C. Radiation Noise Results
Figure 10 shows the radiated sound pressure level results
at different polar positions. The spectra appear to have same
characteristics in different polar locations, except for a constant
magnitude deviation. In general, the level of broadband noise
floor decreases when the radiation angle to the axis is
increased.

Figure 11. OASPL result measured by the polar array.
(a)

Figure 10. Sound pressure level results at different polar positions.
Tab. 2 Propagation angles of modes at 1BPF

1BPF
m

n=0

n=1

n=2

0

0.00

64.98

/

1

26.69

/

/

2

47.28

/

/

3

78.22

/

/

(b)

Tab. 3 Propagation angles of modes at 2BPF

2BPF
m

n=0

n=1

n=2

0

0.00

27.86

56.81

1

13.05

40.18

82.11

2

21.94

53.38

/

3

30.77

70.49

/

4

40.05

/

/

5

50.35

/

/

6

62.81

/

/

7

83.55

/

/

Figure 12. Sound pressure level at various polar positions:
(a) at 1BPF; (b) at 2BPF.

Ⅶ. CONCLUSIONS
The coherence correlation method was successfully applied
to the acoustic experiments using rotating axial arrays. With the
help of photoelectric sensor to preserve the phase relation
between the measurement data and the sound sources, radial
mode decomposition was performed at BPFs. Rotor-stator
interaction modes dominate the incident sound fields, which is
at least 8dB higher than other mode waves at BPF. However,
modes with low azimuthal order play an important role in the
reflected sound fields. For broadband noise component,
incident sound wave is nearly 10dB higher than the reflected
sound waves. This method delivers almost the same results
when using different static microphones as reference signal.
This confirms that reference correlation method is robust in
broadband noise determination, and the influence of different

Figure 11 depicts the overall sound pressure level results
measured by the polar array. From the axis to the vertical
direction, the results first increase and then decrease. A peak
appears at θ  30 . In order to analyze the radiation
characteristic at BPFs, Figure 12 shows sound pressure level of
various polar positions at BPFs. Distribution shape of SPL of
various polar positions at 1BPF is the same as the OASPL
result. The propagation angles of different modes calculated by
equation (10) are displayed in Table 2 and Table 3. At 1BPF, the
propagation angle of (1, 0) is close to θ  30 . The angles of (0,
1) and (1, 1) modes are near θ  30 at 2BPF. Considering these
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reference sensor position is ignorable. In the radiation noise
results measured by a polar array, the peak of the OASPL result
can be attributed to the radiation of rotor-stator interaction
mode. This indicates that the dominated modes within the duct
are responsible for the peak appeared in the radiated far-field
noise component, especially at 1BPF.

Aerodynamics Research and Development Center for the
project of ANCL20160102.
REFERENCES
1
Ganz U W, Joppa P D, Patten T J, et al. Boeing 18-Inch
Fan Rig Broadband Noise Test. Technical Report
NASA/CR-1998-208704. 1998.
2
Karchmer A M, Reshotko M. Core noise source
diagnostics on a turbofan engine using correlation and
coherence techniques. Technical Report NASA TM X73535. 1976
3
Karchmer A M, Reshotko M, Montegani F J.
Measurement of far field combustion noise from a
turbofan engine using coherence function. 1977. AIAA77-1277.
4
Chung J Y. Rejection of flow noise using a coherence
function method. J Acoust Soc. Am. 1977, 62: 388-395.
5
Minami T, Ahuja K K. Five-microphone method for
separating two different correlated noise source from far
field measurements contaminated by extraneous noise.
2003. AIAA-2003-3261.
6
Bennett G, Fitzpatrick J A. Noise source identification for
ducted fan systems. AIAA J, 2008, 46: 1663-1674.
7
Bennett G, Mahon J, Fitzpatrick J A. Non-linear
identification applied to broadband turbomachinery noise.
2010. AIAA-2010-3805.
8
Davis I, Bennett G. Sum and difference scattering of tonal
noise in turbomachinery. 2013. AIAA-2013-2149.
9
Bennett G, O’Reilly C, Tapken U, et al. Noise source
location in turbomachinery using coherence based modal
decomposition, 2009, AIAA-2009-3367.
10 Abom M. Modal decomposition in ducts based on transfer
function measurements between microphone pairs.
Journal of Sound and Vibration. 1989, 135: 95-114.
11 Bolleter U, and Crocker M J. Theory and measurement of
modal spectra in hard-walled cylindrical ducts. Journal of
Acoustical Society of America. 1972, 51:1439-1447.
12 Moore C J. Measurement of radial and circumferential
modes in annular and circular ducts. Journal of Sound and
Vibration. 1979, 62(2): 235-256.
13 Joppa P D. Acoustic mode measurements in the inlet of a
turbofan engine. AIAA Journal of Aircraft. 1987, Vol. 24,
No.9.
14 Heidelberg L, and Hall D G. Inlet acoustic mode
measurements using a continuously rotating rake. AIAA
Journal of Aircraft. 1996, Vol. 32, No.4.
15 Sutliff D L. Rotating rake turbofan duct mode
measurement system. Technical Report NASA TM-2005213828. 2005.
16 Enghardt L, Tapken U, Neise W, et al. Turbine blade/vane
interaction noise: acoustic mode analysis using in-duct
sensor rakes. 2001. AIAA-2001-2153.
17 Michalke A. On the propagation of sound generated in a
pipe of circular cross-section with uniform mean flow.
Journal of Sound and Vibration. 1989, 134: 203-234.

NOMENCLATURE

x:

r:
c:
p:
t:
R:

:
 , :



f c,mn

axial direction
radius direction
speed of sound
acoustic sound pressure
time
duct radius
angular frequency
circumferential direction and position
cut-on ratio
cut-on frequency of mode (m, n)



regulation parameter

e

vector of error
condition number of matrix w

:
:

upstream direction
downstream direction
measurement sensor
reference sensor
circumferential mode order
radial mode order
Mach-number of flow in axial direction

 (w)
mic :

ref :

m:
n:

Mx :
Jm :
Ym :

kmn
:


Amn :


Pmn :

 mn :
RC :
SPL :
OASPL :
PWL :
SVD :
FFT :
BPF :

Bessel functions of the first order
Bessel functions of the second order
axial wavenumber components for mode (m, n)
propagating in upstream and downstream flow
directions
modal amplitudes of mode (m, n) propagating in
upstream and downstream flow directions
sound power of mode (m, n) propagating in upstream
and downstream flow directions
eigenvalue of the Bessel functions
Reference Correlation method
Sound Pressure Level
Overall sound pressure level
Sound Power Level
Singular Value Decomposition
Fast Fourier Transformation
Blade Passing Frequency
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