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ABSTRACT

An experimental investigation is performed on a small-
scale axial flow fan in a ducted configuration to observe
rotor shielding effects. The study focuses on spinning az-
imuthal modes incident on a rotor-stator layout in the pres-
ence of flow. The sources considered are a ring of loud-
speakers generating a particular spinning mode. Along
with the reflection and modified transmission, several phe-
nomena like mode scattering and mode trapping are ex-
pected. An array of 64 microphones is employed in the
interstage, i.e. between the rotor and stator rows. The mi-
crophones are arranged in two rings and two spirals on the
duct surface using a remote probe configuration and its ax-
ial extent is 40mm. The interstage array helps in providing
a detailed understanding of the noise propagation between
the rotor-stator rows. The modal decomposition is based
on a Bayesian inversion method. Both the frequency de-
pendence and the spin direction are examined at various
engine operating points.
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1. INTRODUCTION

Despite considerable advancement in the recent years to
reduce noise emission by aircraft, fan noise remains to
be one of the major contributors of noise generated by
aircraft engines during all phases of operation. Several
studies have been conducted to model the sound genera-
tion mechanisms in an engine and the free-field propaga-
tion [1, 2]. However, the study of noise transmission in-
side turbofan engines poses some specific challenges ow-
ing to the presence of complex geometries and heteroge-
nous flow, and in turn, multiple noise generation and prop-
agation mechanisms. One of the main noise source mech-
anisms is the rotor-wake and stator interaction noise, that
generates Tyler and Sofrin modes [3]. The noise radiates
in both upstream and downstream directions. A deeper
understanding of the noise transmission through the rotor
blades is therefore crucial for enabling more accurate as-
sessments of noise.
One of the first analytical models to study noise transmis-
sion through static rotor blades was proposed by Kaji and
Okazaki [4,5] known as ’Cascade theory’. The blades are
modelled as a cascade of finite chord length and infinites-
imal blade thickness. The angle of incidence of the prop-
agating waves has been shown to influence the reflection
and transmission coefficients across the blades. The the-
ory was further developed by using mode-matching tech-
nique to model sound generation and propagation in outlet
guide vanes [6, 7]. A comparative study of different 2D
and 3D analytical approaches has been performed to es-
timate sound transmission across stator blades [8]. Three
phenomena are described based on the direction of prop-
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agation of incident waves: Venetian blind, Modal condi-
tion and Blocking condition. Experimental studies have
also been performed to estimate modal amplitudes gen-
erated at the inlet of a ducted fan by inverting the modal
directivity matrices [9] and also using compressed sensing
based mode analysis [10]. The flow between the rotor and
stator blades are characterised by swirl effects, which can
alter modal behaviour. A qualitative analytical model to
explain transmission of BPF tones in the swirl region and
through the rotor blades have been proposed [11].
In the present study, spinning azimuthal modes are gen-
erated using a ring of loudspeakers. The propagation of
these modes across rotor and stator blades are observed
using microphone arrays and an iterative Bayesian Inverse
Approach. The experimental setup and analysis method-
ology are presented in the following sections. The results
and comparison of transmission loss across fan stages for
different modes are presented in Sec. 3, followed by a
brief conclusion.

2. METHODOLOGY AND EXPERIMENTAL
SETUP

Assuming linear acoustics behavior and a stationary sound
field, the complex acoustic pressure inside a hard-wall
cylindrical duct with a circular or annular cross-section
and in the presence of a flow, can be expressed as a
weighted sum of modes as shown in Eqn. 1 [12]:

p(r, θ, z, t) =

∞∑
m=−∞

∞∑
n=0

[A+
mne

ik+
z,mnz

+A−
mne

ik−
z,mnz]fmn(r)e

imθeiωt

(1)

where A+
mn and A−

mn are complex-valued mode am-
plitudes propagating downstream and upstream respec-
tively. The subscripts m and n are the azimuthal and ra-
dial mode orders. fmn(r) is a normalised modal shape
factor depending on the duct’s cross section (circular or
annular) and hard-wall boundary conditions. The axial
wavenumbers k±z,mn of a particular mode (m,n) in both
downstream (+) and upstream (−) directions in the pres-
ence of a flow of Mach number M are given by

k±z,mn =
∓Mk0 +

√
k20 − (1−M2)k2r,mn

1−M2
(2)

where, kr,mn is the radial wave number of mode (m,n)
obtained from the solutions of Bessel functions constitut-
ing modal shape factor fmn(r). The purpose of the study

is to generate particular modes inside a duct and observe
the behavior across different blade rows of a fan.

2.1 Experimental setup

The experimental setup consists of a circular duct with
a radius of 0.085 m. A low-speed electrical HVAC
(Heating, ventilation and air-conditioning) fan, henceforth
known as LP3, manufactured by Safran Ventilation Sys-
tems is installed inside the duct. Modular rings are present
between the rotor and the stator blades in order to increase
or decrease the gap among them. A Turbulent Control
Screen (TCS) upstream of the fan at the inlet minimizes
inflow distortions. A vane at the end of the duct can be
opened or closed as required to control the mass flow in-
side the duct. Pressure probes and thermo-couples are fit-
ted before and after LP3 and venturi to measure the phys-
ical parameters in the duct during operation. The parame-
ters of LP3 are listed below:

Rotor blades number B 17
Stator vanes number V 23
Diameter ϕ 17 cm
Hub to tip ratio RH/RT 0.55
Tip Mach number Mtip 0.3
Maximum rotational speed Ωmax ∼ 10000 rpm
Maximum mass flow rate Qm ∼ 1 kg s−1

Maximum mean axial flow velocity U0 ∼ 40 m s−1

FLOW

UPSTREAM ARRAY DOWNSTREAM ARRAYINTERSTAGE ARRAY

ACOUSTIC INPUT

STATORROTOR LOUDSPEAKERS

Figure 1: Schematic diagram of the experimental
setup showing the positions of microphone antenna
and direction of acoustic wave propagation, blue ar-
rows depict the incident direction of modes i.e. the
same direction as that of acoustic input and the red
arrows depict the reflected direction of mode propa-
gation
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A ring of 13 loudspeakers downstream of LP3 gener-
ate a particular azimuthal mode inside the duct based on
relative phase difference as explained in the methodology.
The acquisition system consists of 25 nos. 1/4” micro-
phones upstream and 25 nos. 1/4” microphones down-
stream with respect to the fan mounted in pin-hole con-
figuration, and 64 nos. 1/4” microphones in the inter-
stage mounted remotely. Fig. 1 gives a pictorial repre-
sentation of the experimental setup. The fan is operated
at three rotational speed and mass flow rate combinations.
The performance map of the fan at these operating points
are shown in Fig. 2. One of these points (9800 rpm and
30 mm vane opening) is chosen as the baseline configura-
tion (marked with an ’o’ symbol) and the corresponding
results are present in the following section. The number
of loudspeakers used for mode generation limits the max-
imum mode number that can be excited without aliasing,
which is determined as half of the number of loudspeak-
ers. Thus, for the experimental campaign modes -6 to +6
are chosen. The generation are pure tones excited individ-
ually at 30 frequencies between 500 Hz and 10000 Hz for
each azimuthal mode.
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Figure 2: Performance map of the LP3 fan used in
the experimentation with considered operating point
marked in ’o’

2.2 Calibration of microphone arrays

The installation of the microphones on the duct is an
important aspect of the experimental setup. A common

method is to mount them flushed to the duct inner sur-
face, with or without the protection grid. However, such a
configuration is prone to measurement of pressure fluctu-
ations due to turbulent boundary layer at the duct surface,
along with the acoustic pressure. Furthermore, the dis-
tance between the rotor-stator rows in the long configura-
tion is 40mm, not sufficient for flush-mounting the neces-
sary number of microphones required for the study. Us-
ing a remote sensor installation, known as pin-hole system
provides flexibility in designing a more efficient micro-
phone array [13]. The pin-hole system creates a small cav-
ity in front of the microphone, which acts as a Helmholtz
resonator and modifies the frequency response of the mi-
crophone. Two methods of calibration are employed- in-
dividual and global calibration [14]. For individual cal-
ibration of microphones, a calibrating device consisting
of a flush-mounted reference microphone and an already
calibrated microphone are used. The transfer function
between the target microphone and the reference micro-
phone is measured. This is followed by the measurement
of the transfer function between the reference microphone
and the already calibrated microphone placed on a con-
trolled surface. The ratio of the two transfer functions
provide the calibration factor of the target microphone.
The method is time-consuming and very sensitive to the
position of the reference microphone in front of the pin-
hole, thus difficult to reproduce. Moreover, once the setup
is installed, the downstream and interstage microphones
arrays are inaccessible. Therefore, individual calibration
is performed for all the arrays, once before mounting the
setup. Then global calibration is performed regularly dur-
ing the experimental campaign. Fig. 3 gives an example of
the calibration curves of microphone arrays obtained upon
performing the abovementioned procedure. The curves
are then used during post-processing to account for the
frequency amplification and signal attenuation due to re-
mote installation.

2.3 Mode generation

A particular spinning mode can be generated inside a duct
using a combination of phased loudspeakers ( [15,16]). To
generate a spinning wave of azimuthal mode ‘m’ using
‘K’ monopole sources, the phase of the ‘jth’ source is
given by:

ϕj =
2πm

K
(j − 1) (3)

The 13 loudspeakers are connected to the duct using
waveguides of diameter 14 mm, resulting in a cut-off fre-
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Figure 3: Sensitivity curves (amplitude and phase)
for a group of microphones in the interstage array

quency of 14240.4 Hz. This ensures that the loudspeakers
can be modelled as monopole sources for the range of
frequencies considered in the study. The generation
of radial modes cannot be controlled owing to the fact
that the loudspeakers are positioned along a unique
axial and radial position. The generation is performed
considering a cylindrical duct, which is applicable at the
position of the loudspeakers. However, at the location
of the fan, notably at the Interstage array, the geometry
transitions to an annular duct. It has to be noted that
certain modes might become propagative, i.e. cut-on, as
the sound propagates due to the aforementioned transition.

2.4 Analysis methodology

The iterative Bayesian Inverse Approach (iBIA) has been
implemented to perform the modal analysis [17]. Eqn. 1
can be represented in a matrix notation.

p = Φc+ n (4)

where, p ∈ CK is a vector of complex pressure coeffi-
cients (result of a Fourier transform) from measurements
at a given frequency ω, n ∈ CK accounts for additive
noise, c ∈ CL is a vector containing the unknown com-
plex coefficients (A±

mn) and Φ ∈ CK×L depends on the
problem being solved (Φ = eik

±
z,mnzfm,n(r)e

imϕ in this
case). The unknowns c and observations p are considered

as random variables which are modelled through prob-
ability density functions and an algorithm based on the
majorisation–minimisation (MM) principle is employed
to solve the problem. Since, recorded sound pressure in-
cludes effects of the fan itself, notably when the excitation
frequency is close to the blade passing frequency (BPF)
or its harmonics, it is important to filter out the recorded
data from these effects. To achieve that, a frequency band
of 200 Hz is chosen around the excitation frequency and
analysis is performed only within this range.

3. RESULTS

Upon post-processing the recorded microphone signals
using the methodology explained above, the amplitudes
of all cut-on modes present inside the duct are obtained.
The mode amplitudes correspond to respective array
locations and frequencies put to the test during the
experiment. The results are presented in terms of acoustic
power of the excited modes. Experiments have been
conducted at specific test points. Continuous lines joining
these points in the figures are for better visualisation.
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Figure 4: Acoustic power of azimuthal mode -1
(summed for all cut-on radial modes) along incident
direction for upstream and downstream arrays in the
case of an empty circular duct (dashed vertical lines
represent the cut-off frequencies of subsequent radial
modes)

For the first part of the analysis, simpler configu-
rations have been investigated: an empty circular duct
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and the duct with LP3 but without rotation of blades or
flow. These analyses demonstrate the performance of the
methodology in conditions where the behaviour is theo-
retically predictable. Further, such an analysis enables the
separation of the shielding due to the setup geometry from
that generated due to the blades rotation and the effect of
the flow. Fig. 4 presents the acoustic power of azimuthal
mode -1 along the incident direction recorded by micro-
phones of the upstream and downstream arrays. As theo-
retically expected, the acoustic power is conserved across
the microphone arrays, specially at low frequencies where
very few radial modes are cut-on. At higher frequencies,
the acoustic power decrease in general and their values at
upstream and downstream arrays diverge from each other.
This is due to the presence of several radial modes and
also spurious azimuthal modes which are excited by the
loudspeakers. The method struggles to differentiate the
modes, when several modes are present with compara-
ble energy. Jumps in the power values are also observed
near the cut-off frequencies of radial modes. Near the
cut-off frequencies, evanescent modes with longer axial
wavelength are present and recorded by the microphones.
These modes have not been taken into account during the
analysis. The analysis has been limited to low frequencies
and test points near cut-off frequencies have been removed
to ensure that observations are made within the limits of
the method. Similar observations have been made for
the other azimuthal modes. The results are comparable
and reinforce the confidence on the generation and post-
processing methodology.
The next step is to analyse the effect of the rotor rotation
on the noise transmission. Fig. 5 presents an example of
the results obtained when mode 1 is excited at 2000 Hz
with LP3 at 9800 rpm and vane opening of 30 mm. It
is the operating point marked with ’o’ in Fig. 2. ’Inci-
dent’ and ’reflected’ represent the direction of mode prop-
agation with respect to the acoustic input. It can be seen
that the difference in amplitude of incident m = 1 across
different antenna is negligible (∼ 0.6 dB). However, the
amplitude of reflected mode is considerably high at the
interstage array compared to upstream array, indicating
that the rotor blades are the major contributors towards
reflecting m = 1. It can also be observed that other cut-
on modes like m = 0,−1 are excited, however their am-
plitudes are negligible compared to those of m = 1. The
overall decrease in transmission can be obtained by taking
the difference of incident mode power at upstream array
from that at downstream array. Fig. 6 shows the transmis-
sion loss of mode −1 with frequency for different con-
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Figure 5: Acoustic power of cut-on modes (along
incident and reflected direction of propagation with
respect to acoustic input) present at different micro-
phone array locations upon excitation of azimuthal
mode 1 at 2000 Hz with LP3 rotating at 9800 rpm
and vane opening of 30 mm (operating point marked
with ’o’ in Fig. 2)
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figurations. Higher difference in mode power (y-values)
means lower transmission across blades. The presence of
LP3 slightly decreases the transmission of mode -1. How-
ever, higher transmission loss is detected when LP3 ro-
tates at 9800 rpm with 30 mm vane opening. The rotation
of rotor blades and presence of flow are possible causes
for this transmission loss. Transmission loss across each
blade rows of the fan can be obtained by using the micro-
phone measurements of interstage array. The difference
in incident power of excited azimuthal mode across the
downstream and interstage arrays (depicting transmission
loss across stator blades) and that across the interstage and
upstream arrays (depicting transmission loss across sta-
tor blades) are calculated and shown in Fig. 7 for modes
m = −1 and m = 1. For the present study, m = 1 repre-
sents a co-rotating mode and m = −1 a counter-rotating
mode with respect to the rotor rotation. For m = 1, the
transmission loss across stator blades are slightly higher
at low frequencies compared to rotors but above 2000 Hz,
transmission loss across rotors dominate. The trend is
consistent for m = −1, in which case, the transmission
loss across rotor blades dominate throughout. The stators
are slightly more efficient in blocking m = 1 compared
to m = −1 but the differences are quite small and maybe
accounted from the uncertainties of measurement or post-
processing. However, the rotor blades are more efficient
in blocking m = −1 upto 3 dB at 2500 Hz.

Fig. 8 shows the transmission loss across LP3 at
9800 rpm and vane opening of 30 mm for various modes.
The values are obtained by taking the difference in acous-
tic power along incident direction of upstream array from
downstream array. The lower order modes follow the
trend as explained above at frequencies below 4000 Hz.
With increase in frequency, transmission loss across the
fan increases. However, at higher frequencies and for
higher order modes, no conclusion can be drawn. It is to
be noted that, along with the mode required to be excited,
aliased modes are also being generated. These aliased
modes are related to the number of loudspeakers present
in the generation system and are given by Eq. 5.

maliased = mdesired ± Nos. of loudspeakers (5)

These modes are cut-on for higher order modes and thus
are generated by the loudspeakers. One example of this
phenomenon can be observed in Fig. 9 where mode −7 is
excited along with the intended mode 6 at downstream ar-
ray inside a circular duct even without LP3. The acoustic
power of both these modes are comparable with a differ-
ence of ∼ 1 dB. Since, both the desired and aliased modes
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Figure 6: Difference in acoustic power along inci-
dent direction of upstream array from downstream
array of azimuthal mode -1 (summed for all cut-
on radial modes) for three different configurations
(dashed vertical lines represent the cut-off frequen-
cies of subsequent radial modes)
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Figure 7: Difference in acoustic power of incident
azimuthal mode m = 1 (x) and m = −1 (o) across
stator (solid) and rotor (dashed) blades with LP3 ro-
tating at 9800 rpm and vane opening of 30 mm
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dent direction of upstream array from downstream
array for different azimuthal modes (summed for all
cut-on radial modes) with LP3 rotating at 9800 rpm
and vane opening of 30 mm
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Figure 9: Acoustic power of cut-on modes (along
incident and reflected direction of propagation with
respect to acoustic input) present at downstream ar-
ray location upon excitation of azimuthal mode 6 at
6500 Hz inside a circular duct without LP3

are generated by the same sources, they are correlated and
create interference patterns inside the duct. It is possible
that the energy of the aliased modes are transferred to the
desired modes and vice-versa during the application of the
inverse method.

4. CONCLUSION AND DISCUSSIONS

Rotor shielding across an axial fan comprising of rotor
and stator blades has been studied experimentally. The
analysis of lower order modes provides some information
regarding rotor-shielding effects. The rotation of blades
and the presence of flow increase rotor shielding effects
across a fan. Stator blades are relatively transparent to the
modes owing to their low stagger angles. The counter-
rotating modes are shielded more efficiently by the rotor
blades than the co-rotating modes. However, the analy-
sis of higher order modes and high frequency excitation
pose several challenges. It has been observed that other
cut-on modes are also excited along with the desired az-
imuthal modes. In most cases, the mode amplitudes are
considerably lower to those of the excited mode but can be
comparable at certain frequencies. Due to the use of a sin-
gle ring of loudspeakers, the generation of radial modes
cannot be controlled. Thus, at higher frequencies and
higher modes, the analysis becomes more complex and
uncertain. Near the cut-off frequencies, evanescent modes
are present and recorded by the microphones. Mainly at
the interstage array, these modes and also the evanescent
modes generated at rotor and stator edges are recorded.
The evanescent modes have been ignored in the analyti-
cal formulation and thus in the modal basis of analysis.
Further, the flow between the rotor and stator features
swirl. For the present study, the swirl has been approx-
imated to an equivalent axial velocity. Including the swirl
effects and adding evanescent modes in the modal basis
will lead to better estimation of the mode amplitudes at
the interstage array. Moreover, several phenomena occur
inside the experimental setup like transition from circu-
lar to annular duct, multiple reflections between rotor and
stator rows and coupled effect of transmission and reflec-
tion at both the blade rows. These effects cannot be de-
coupled by merely investigating the mode amplitudes at
microphone arrays. A numerical study is presently being
conducted to simulate the experimental setup and estimate
the propagation of modes across the fan. The numerical
study would enable understanding of each individual phe-
nomenon. The information will then be used to deepen
the experimental analysis.
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