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Successive Aeroacoustic
Transfer of Leading Edge
Serrations From Single Airfoil
to Low-Pressure Fan Application
Leading edge serrations are identified as an effective passive treatment for reducing fan
broadband noise due to high turbulent inflow conditions. This paper aims to investigate
the isolated effect of serrated applications in a rotating frame, covering the aerodynamic
and aeroacoustic performance. With this purpose, a serration design, previously analyzed
in the rigid domain, is transferred to the rotating frame, following a successive approach
in form of a continuous increase of the fan blade number. This is considered as a feasible
way to isolate the serration effects and to provide information on fan blade interaction
and possible masking effects. Comparing blades with straight and serrated leading edges
by analyzing the spectral noise reduction and the overall level result in deep insights in
the underlying noise reduction mechanisms. Furthermore, analysis of phase differences
by means of the wall pressure fluctuations leads to the identification of rotating flow phe-
nomena, nonsynchronized with the rotor speed. The results obtained indicate an efficient
noise reduction by the serrations in the vicinity of the design point. By use of the pre-
sented successive approach, noise reduction phenomena observed with the full rotor
could be identified to be of either aeroacoustic or aerodynamic nature. A reduced noise
is observed for the full rotor case, showing a reduction of blade interaction effects. At
reducing flow coefficients, an improved stall margin of the serrated rotor is identified that
also affects the aeroacoustic signature. [DOI: 10.1115/1.4044362]

1 Introduction

At high-turbulent inflow conditions, the blades of axial fans are
known to emit a significantly increased amount of leading edge
broadband noise due to the impingement of turbulent structures
on the solid surface [1]. Recent research has firmly confirmed
leading edge serrations to be an effective passive treatment for
reducing the noise and for increasing specific parameters of the
aerodynamic performance such as an improved stall margin [2–5].
Up to now, leading edge serrations are mainly analyzed in wind
tunnel experiments where rigidly mounted airfoils are tested.
Eventually, leading edge serrations are intended to be imple-
mented in rotating systems such as counter-rotating rotors, turbo-
machines or fans, and blowers. However, recently only little
research in this direction has been carried out. Zenger et al. [1]
analyzed the influence of distorted inflow conditions on the noise
radiation of forward and backward-skewed low-pressure axial
fans, using a standardized test chamber according to ISO 5801
[6]. Moreover, they also investigated leading edge serrations on a
more rudimentary level and found only little noise reduction at
the operation point, whereas a significant reduction at high vol-
ume flow rates was achieved [7]. The aerodynamic performance is
not reported to be affected by large margins. Corsini et al. [8,9]
carried out a numerical study on the influence of leading edge ser-
rations or leading edge bumps in the blade tip region, which
focused on the aerodynamic stall-resistance improvement and
aeroacoustic radiation.

The herewith presented study continues an ongoing project in
order to analyze the transfer of leading edge serration from the
rigid to the rotating frame. In a recent proof-of concept study, a
combined test rig was developed which allows for simultaneous
measurement of aerodynamic and aeroacoustic performance while
generating near isotropic turbulence [10]. Moreover, a

rudimentary study on the noise reduction capability of different
serration types was performed. The current study, however, does
focus on an identification of the acoustic sources and the reduction
potential by use of leading edge serrations rather than a direct
optimization of the overall aeroacoustic performance. Transfer-
ring the obtained findings from a single airfoil to a full rotor appli-
cation confronts the researcher with noticeable challenges,
especially when it comes to the noise reduction principles and
efficiency of leading edge serrations. Figure 1 exemplarily shows
the acoustic signature of a single NACA 65(12)-10 airfoil in a
free stream open jet and the signature of a six-bladed fan at design
conditions, featuring the same airfoil profile and varying the levels
of the incoming turbulence.

Fig. 1 Sound pressure level of single NACA 65(12)-10 airfoil
and six-bladed rotor at comparable operation conditions
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It becomes apparent that, even though both signatures show a
sensitivity toward higher level of incoming turbulence, the com-
plexity of the rotor’s aeroacoustic signature is significantly
increased. For the single airfoil under highly turbulent inflow con-
ditions, level-dominating noise of broadband character is radiating
from the leading edges. For the rotor, on the other hand, additional
noise sources play a level-relevant part in the acoustic signature:

� blade tip effects,
� noise due to secondary flows,
� rotor–strut interaction noise,
� trailing edge vortex shedding, and
� large-scale separation noise.

The relevance of these noise sources varies as a function of the
particular operating point on the fan characteristic curve,
described by the flow coefficient u. When it comes to the imple-
mentation of leading edge serrations, only little is known on the
aeroacoustic and aerodynamic efficiency of this passive noise
reduction application when leaving optimal operation conditions.
Moreover, when rating the noise reduction capability of leading
edge serrations, additional boundary conditions, not yet investi-
gated, are to be taken into account such as influences of

� a varying circumferential velocity along the fan radius,
� varying inflow angles when altering the throttling state of a

rotating machine, and
� blade interaction effects, dependent on rotor solidity.

This paper aims at deepening the knowledge on some of the
aspects mentioned. For this purpose, a leading edge serration of
known aeroacoustic performance (Fig. 2) is adopted for investiga-
tions in the rotating frame, where the normalized amplitude (A/C
¼ 0.19) and wavelength (k/C ¼ 0.17) are held constant for both
the rigid airfoil and the rotor applications (Fig. 4). For the single

airfoil chosen, Fig. 2 shows the results of a previously conducted
aeroacoustic study, using array beamforming [11,12].

This beamforming approach enables to determine the overall
noise reduction capability to be DOASPL ¼ 4.2 dB at U0 ¼ 30
ms�1 and a ¼ 0 deg angle of attack and neglecting all disturbing
quantities such as grid-generated noise or wake noise of the air-
foil. Comparing the baseline and the serrated case shows signifi-
cant noise reduction close to the airfoil’s leading edge and even
slight reduction of trailing edge noise at high frequencies. This
airfoil is scaled and adopted for the rotor blades where the design
process of the rotor itself took place according to the single airfoil
approach, described in more detail in Ref. [10]. Compared to the
rigid airfoil, the ratio of integral length scale Kuu and serration
wavelength k could not be kept constant for the rotating applica-
tion. As for the open free jet of the tested rigid airfoils small val-
ues of Kuu � 10 mm are found, the current test rig provides length
scales of significantly higher dimension (Kuu ¼ 69 mm). Even
though the ratios of length scale and serration wavelength do play a
role with regard to optimized incoherent excitation of the leading
edges [2], the overall impact of the wavelength is considered not to
be the key parameter in reducing the radiated noise in rotating
applications. In addition, compared to the rigid airfoils, the scaled
chord length of the rotor blades reduces the Reynolds number under
investigation by a factor of two to Re¼ 105,000 for the hub and Re
¼ 210,000 for the blade tip region. Nevertheless, since no strong
dependencies on a Reynolds number range of 250,000 � Re �
600,000 are found for rigid airfoils [5], the chosen approach allows
for a qualitative comparison.

2 Setup and Data Analysis

A test rig (Fig. 3) according to ISO 5136 [13] is adopted, where
the fan is mounted in a duct of 0.4 m in diameter (Fig. 4) and

Fig. 2 Sound maps of baseline (left) and A29k26 serration (right) at varying angle of attack for three octave bands using
Delay&Sum (background) and CLEAN-SC (more detailed) algorithms at Tu 5 5.1%, Re 5 350,000 [10]
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which allows for a simultaneous characterization of the fan in
terms of aeroacoustics and aerodynamics. The inlet nozzle
accounts for smooth inflow conditions, followed by a muffler to
dampen the suction side noise. Subsequently, the determination of
the free stream velocity, leading to the volume flow rate, takes
place via a pitot tube or an eight-path ultrasonic volume flow ana-
lyzer, respectively. At a distance of 0.8 m upstream of the
mounted fan, six pressure-tapping points are located, leading to
the physically averaged suction-side pressure. The discharge pres-
sure, however, is obtained after the spin is converted into pressure
energy by a star-type flow straightener according to ISO 5801 [6].
As the acoustic measurements are taking place downstream of the
fan, a full-anechoic ending is implemented, preventing back
reflections due to impedance differences at the duct ending. At
given duct diameter, the cut-on frequency is determined to be f1,0

¼ 501 Hz [10]. Finally, an automatically driven throttling cone
allows for changing the point of operation. In total, the length of
the setup sums up to 12 m. Deviating from the ISO 5136 standard,
coarse grids (turbulence grids) needed to be implemented as sour-
ces for the broadband leading edge noise of the fan, which is of
essential interest in this study. This took place 0.3 m upstream of
the fan, where grids of specific parameters are implemented as
will be discussed in more detail in Sec. 4.

In order to cover the acoustic characteristics on the suction and
discharge side of the fan, the rig is equipped with two microphone
arrays, consisting of three 1=4-in. condenser microphones each, dis-
tributed equidistantly in the circumferential direction (Fig. 3). The
microphones are used flush-mounted, where a side vented pres-
sure field design allowed for correct equalization of atmospheric
pressure. For validation purposes and according to ISO5136, the
gathered acoustic signals are compared with measurements taken
with a slitted tube, which show a high agreement, especially at

frequencies f � 1.5 kHz. This proves the acceptable quality of the
acoustic setup with regard to possible influences of the hydrody-
namic pressure field. Data acquisition took place at a sampling
rate of SR ¼ 32,768 Hz and a block size of BS ¼ 65,536, thus
yielding a spectral resolution of Df ¼ 0.5 Hz. Applying an over-
lapping via Hanning windows of OL ¼ 66.7% and taking 300
averages results in a total measurement duration of 201 s and pro-
vides a reliable data pool with minimized bias.

Note that the circumferential velocity is determined differently
for the baseline and the serrated case. For the straight leading
edges, the original rotor diameter is chosen, whereas for serrated
leading edges, the losses in effective surface area are mathemati-
cally compensated by a slightly smaller rotor diameter at constant
chord, allowing a direct aerodynamic comparison of the tested
cases at constant operating conditions

gSystem ¼
_Q � Dp

PElec

(1)

w ¼ Dp=q
U2

rot=2
(2)

u ¼
_Q

UrotA
(3)

As described for the aerodynamic analysis of the serrated rotor
by means of flow coefficient and pressure coefficient (Eqs. (2)
and (3)), the rotor diameter is adapted in order to account for the
total differences in effective surface. This approach allows for a
direct comparison of rotors with and without serrations by keeping
the maximum chord constant, thus avoiding an additional influ-
ence of increased blade interaction effects as it would be the case
for constant total surface areas and hence a varying maximum
chord. However, rating the aeroacoustic efficiency of the serrated
rotor requires a scaling of the radiated noise as well. Since the
overall sound pressure of the investigated rotor is found to scale
with the fourth power of the circumferential velocity (leading to a
12 dB increase when doubling the rotational speed), a corrected
sound pressure coefficient CSP (Eqs. (4) and (5)) is defined, which
takes into account the different rotor surfaces by different maxi-
mum rotor diameters and thus also different maximum circumfer-
ential velocities. In summary, the used approach represents a
conservative estimation of the noise reduction effects of serrations
by compensating the effect of a reduced surface. Moreover, by
introducing the air density, the ambient conditions by means of
the atmospheric pressure and the temperature are compensated
for. As for higher acoustic modes, the local sound pressure is a
function of the peripheral duct angle, the spectral information of
the three equidistantly distributed microphones on suction, and
discharge side are averaged linearly to reduce falsifications caused
by nonplanar waves.

Fig. 3 Adopted test rig according to ISO 5136 [8]

Fig. 4 Sketch of designed rotor including measures of
importance
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p2
RMS � U4

0 ¼) csp ¼ 1

n

Xi¼n

i¼0

p2
i;RMS

q2
i � U4

i; 0

(4)

SPLCSP ¼ 10lg
csp

csp0

� �
with csp0 ¼

p2
0

q2 � U4

0

(5)

With the aim of gaining deeper insights on the noise reduction
mechanisms, a filtering of the obtained spectral data is applied. Based
on preliminary analysis, the most promising approach showed to be
the use of five filters as shown in Table 1. Fist, the original signal is
analyzed by use of a bandpass 10 Hz � f � 10 kHz. To cover the
low-frequency part, which is of interest especially at higher throt-
tling states, a low-pass (LP) with maximum frequency of 300 Hz
is chosen. In order to split the rotor speed-dependent components
from those of broadband character, a customized one-dimensional
median filter of 30th-order shows the best performance.

In doing so, a frequency band of 67.5 Hz around the rotor’s
fundamental speed or of an integer multiple is replaced by its
median, thus neglecting peaks with high slopes which, in this
case, are representing the tonal components, and resulting in a
broadband signal without loss of spectral energy. The tonal filter
is specified vice versa, solely showing the chopped-off peaks of
the signal. However, for the latter case, one has to distinguish the
tonal filter from the blade passing frequency (BPF) filter, covering
only every sixth-order for the blade passing frequency of the rotor
(see Fig. 5). Adding up the tonal and the broadband level yields
exactly the level of the original signal.

Information of the unsteady wall pressure field in close vicinity
to the blade tips is expected to provide additional information of
the effect of leading edge serrations. Therefore, two pressure tap-
ping points (Fig. 4) are defined at a circumferential distance of
one blade passage or 60 deg, respectively. Similar to the proce-
dure described by M€oser [14], for each tapping sensor, a cannula

tube with an inner diameter of 1.2 mm is flush-mounted to the
duct surface with the purpose of communicating with the pressure
field inside the duct. On the opposite side of the cannulas, a proto-
typed coupler is used, incorporating a 1=4 in. B&K condenser
microphone in order to gather information on near-field unsteady
wall-pressure phenomena. Apart from calibrating the level of the
sensors, knowledge on the phase between the latter is of essential
importance to justify an interpretation of the obtained results. In
consequence, two capsules of a sound intensity probe are
employed, showing no significant change in phase up to frequen-
cies of 4.5 kHz. For analyzing purposes of the wall-pressure
signals with the aim of identifying possible unsteady flow phe-
nomena, nonsynchronized with the rotor speed, the coherence
function of the two obtained signals is used, showing the quantita-
tive context of the signals in the frequency range. According to
Eq. (6), the cross-spectral density is normalized with the spectral
density of both signals so that the coherence function only yields
values c2 � (0.1). With an adequately sufficient averaging of the
coherence function in circumferential direction, the signal parts,
which are dominant in both signals, are highlighted compared to
those, which only exist in one of the signals [15]

c2 xð Þ ¼ G12ðxÞ � G�12ðxÞ
G11ðxÞ � G22ðxÞ

(6)

3 Testing Procedure

The effect of serrated leading edge has been analyzed rather
extensively for rigidly mounted airfoils although the final area of
implementation is rotating systems such as turbomachines,
counter-rotating rotors or fans, and blowers. The presented study
aims at shedding light on some to date disregarded transfer effects
from the rigid to the rotating system.

Based on previous experimental studies, the A14k13 serration
is found to be a quite moderate serration, showing a significant
noise reduction over a wide operational range while suffering
comparably small penalties by means of aerodynamic perform-
ance [16]. In consequence, this single serration design is used in
the context of a more detailed analysis, where the unsteady aero-
dynamic and aeroacoustic performance along the relevant region
of the fan characteristic curve is recorded at high resolution and
compared to the baseline case with straight leading edges while
varying the parameters according to Fig. 6. The investigated range
of turbulence intensities shows the two extremes for the current
test rig. The lower limit is determined by the lowest possible Tu
(no-grid case), representing common inflow conditions for ducted
fans. However, the upper limit is chosen according to the possible
inflow conditions of fans and blowers under unfavorable working
conditions, such as cooling fans in the immediate vicinity of

Table 1 Boundary conditions of customized filters

Type fMin (Hz) fMax (Hz) Increment (Hz)

Total 10 10,000 0.5
Low-pass 10 300 0.5
Broadband 10 10,000 0.5
Tonal 10 10,000 331/3 6 7.5
BPF 10 10,000 200 6 7.5

Fig. 5 Exemplarily sound pressure spectrum with applied
filters, separating low-frequency, tonal and broadband effects Fig. 6 Experimental space
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ventilation grilles or pipe branches and other barriers, which
obstruct the inflow.

For a transfer from the rigid to the rotating frame, the blade
number of the rotor is increased successively, starting at two
blades, increasing to four blades and ending up with the full rotor
of six blades, as designed initially (Fig. 7). This approach is
expected to reveal some effects which, at full rotor, are masked or
superimposed by other more dominant interaction effects of the
blades. The focus does not lie on the aerodynamic meaningfulness
of a two-blade fan but rather on the aeroacoustic development of
the final rotor’s noise floor as well as serration effects on the gath-
ered wall pressure in the blade tip region.

The inflow conditions are altered following two approaches.
High turbulence is achieved using a coarse biplane square mesh
(G01) with a bar-to-bar diameter of 100 mm, generating large-
scale vortices 300 mm upstream the rotor which impinge of the
fan blades and result in significant leading edge noise. In contrast,
the no-grid case (G00) results in only low turbulence and allows
for dominant rotor trailing edge noise as well as self-noise.

4 Inflow Conditions

For obtaining data on the local distribution of the free-stream
velocity and the grid-generated turbulence in the duct, one-
dimensional hot wire measurements are conducted. A rotating
channel is implemented in the test rig, where the hot wire probe is
mounted and traversed in the radial direction from duct wall to the
center of the duct. Over the measurement duration of 60 s for each
radial position, the channel rotated by 360 deg at constant velocity
normal to the measurement direction of the hot wire probe, cover-
ing the full angular path. The turbulence grids are located 0.3 m
upstream of the probe location, enabling the generated vortices to
break down and mix toward isotropy [10]. The probe location is
chosen according to the actual position of the fan during the aero-
acoustic experiments to be conducted. Figure 8 shows the velocity
profiles of the meridional plane for the two tested cases with grid
(G01) and without grid (G00). For the no-grid case, the classic duct
profile can be observed with small values close to the duct wall
and maximum values in the center region. With grid, however,

lower mean velocities are obtained due to the pressure loss of the
grid but, in addition, increased mixing effects are present, leading
to a more box-shaped velocity profile.

For the turbulence intensity (Fig. 9), the opposite pattern can be
observed with maximum values close to the wall and minimum
values in the center region. Most importantly though is a signifi-
cant increase of the turbulence when implementing the grid where
the mean value of R60.15 m increases from Tu ¼ 2.6% without
grid to Tu ¼ 12.1% with G01. The deviations of the Tu in the
down-right quarter can be assigned to a perturbation of the main
flow already recognizable in the velocity profiles.

The gathered spectral information is already validated against
the theoretical model of longitudinal isotropic turbulence by Liep-
mann [10] showing high isotropic conditions at midspan and a
decrease of isotropic characteristics when approaching the wall of
the duct. However, for the current analysis, not only information
on isotropy but rather the absolute measures of the separated vor-
tices are of interest, which are interacting with the blade leading
edges and the blade tip gap. The longitudinal integral length scale
(Fig. 10) can be obtained by fitting the measured turbulence
energy spectrum to the one-sided power spectrum of homogene-
ous and isotropic turbulence according to Roach [17] in the fol-
lowing equation:

E fð Þ ¼ 4u2 ts

1þ x � tsð Þ2
with Kuu ¼ U0 � ts (7)

In general, the coarse grid leads to large-scale vortices mainly in
the range of 60 � Kuu � 90 mm. At regions close to the wall,
however, a slight increase of the vortices can be observed, pre-
sumably due to interactions with the wall boundary layer. The
mean value over the relevant radius R ¼ 60.15 m turns out to be
Kuu ¼ 70 mm.

Fig. 7 Models of the investigated rotors

Fig. 8 Free stream velocity profile U0 of D 5 400 mm duct at
location of the fan leading edges at G00 (left) and grid G01 (right)

Fig. 9 Longitudinal turbulence intensity Tu of D 5 400 mm
duct at location of the fan leading edges at G00 (left) and grid
G01 (right)

Fig. 10 Circumferentially averaged integral length scale Kuu,
turbulence intensity Tu and free stream velocity U0 for grid G01,
including 95% confidence interval
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5 Aerodynamic Results

The fan characteristic curves for all the tested cases are shown
in Fig. 11, where for the G01 case, a nondimensional pressure-loss
coefficient f ¼ 0.82 is implemented to compensate for the grid
300 mm upstream the rotor leading edge. The shape of the charac-
teristic curves of the full rotor is typical for axial fans where, after
an initial increase of the static pressure at high flow coefficients
(prestall) partial separation at the blade suction sides start to occur
(stall region), characterized by stagnating pressure coefficients.
Further throttling again leads to a rise of static pressure (second-
ary characteristic) though at decreasing aerodynamic efficiency
(Fig. 12) due to the partial separated flow. At minimum flow coef-
ficients, eventually the poststall region can be seen, featuring large
scale separation, again resulting in a decreasing static pressure.
Comparing the curves with and without grid reveals lower maxi-
mum flow coefficients due to the pressure losses of the grid. This
is also manifested by means of the aerodynamic efficiency as can
be seen in Fig. 12.

In general, introducing the analyzed A14k13 serration shows a
decreased aerodynamic performance even though quite similar
performance is obtained close to the optimal operation point with
G01. It is important to note that the maximum chord of serrated
and straight fan blades is kept constant. As a result, the total area
of the serrated blades is reduced compared to straight blades, con-
tributing to the aerodynamic penalties. Comparing the transition
point from prestall to the stall region by means of the flow coeffi-
cients corresponding to the points of maximum pressure at pre
stall reveals a slight shift toward lower flow coefficients for the

serrated cases. This effect can be assigned to the vortex-
generating features of the serrations, causing an energization of
the blade boundary layer and delaying the point of separation as it
has been described for rigidly mounted airfoils as well even
though this effect is expected to be more pronounced for serra-
tions of higher wavelength and high amplitudes. In addition, the
stall region of the serrated airfoils is of decreased extent compared
to that of the baseline case. Once again, these effects come at the
cost of a reduced pressure coefficients, where future research need
to prove that serrated rotors are also aerodynamically competitive.
Reducing the number of blades by 1/3rd or 2/3rd, respectively,
stresses the aerodynamic differences between the straight leading
edges (baseline) and the serrated leading edges. Due to the reduc-
ing flow coefficients with reducing blade number, the profiles of
the fan curves appear to be increasingly flattened in a global scale,
even though similar aerodynamic effects than for the six-blade
case are existent.

6 Aeroacoustic Results

In general, the aeroacoustic performance over the fan curve can
be subdivided into three regions. First, a region of high flow rates
(prestall) where the blade angle corresponds to the flow angle.
Here, significant level of turbulence and thus leading edge noise
are generated leading to additional leading edge broadband noise.
The second region is the stall region, where separation starts to
occur. The transition into a (partly) separated flow is delayed for
the serrated rotor but if both, the baseline fan (BSLN) and the ser-
rated fan are in the stall region, the BSLN emits less noise. Third
the region of lowest flow coefficients (poststall) where no high
free stream turbulence is generated but significant separation from
the blades resulting in large-scale coherent structures. Here, the
performance with and without turbulence grid appears to be quite
similar. Nevertheless, significant noise reduction effects are
observed, which are expected to be caused by large scale struc-
tures, separating from the blade suction sides and impinging of
the consecutive blades of the rotor. Figure 13 shows the changes
in overall sound pressure level (OASPL) at low and high incom-
ing turbulence intensity for the averaged suction and discharge

Fig. 11 Fan characteristic curves of tested baseline (BSLN)
and serration (A14k13) at varying incoming turbulence and
varying blade number, including 95% confidence interval

Fig. 12 Aerodynamic efficiency of tested baseline (BSLN) and
serration (A14k13) at varying incoming turbulence for the full
rotor (six blades), including 95% confidence interval

Fig. 13 OASPL reduction of full rotor (six blades) at low (top)
and high (bottom) incoming turbulence
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side microphone signals. Note that positive deltas indicate a noise
reduction, whereas negative ones result in a noise increase of the
serrated rotor compared to the baseline. Qualitatively, the pattern
of the noise reduction appears to be of high similarity for the low
and the high turbulent case, except for the prestall region, where
efficient noise reduction takes place for the high-turbulent case.
Here, at high flow coefficients, the efficient noise reduction indi-
cates the presence of significant leading edge broadband noise.
Comparing the acoustic signature on the suction and discharge side
shows no significant differences, hence justifying to focus on the
discharge noise for the upcoming analysis. Reducing the number of
blades qualitatively shows the same trend as for the six-blade case.

Being interested in more detailed analyses of the noise radiation
and noise reduction effects, Fig. 14 shows the spectral noise radia-
tion of the BSLN rotor at varying flow coefficients and at high
incoming turbulence. As can be seen for the prestall region at high
flow coefficients, the most distinct noise sources can be narrowed
down to the fundamental frequency f ¼ 331/3 Hz of the fan and a
surrounding broadband hump at 22 � f � 58 Hz as well as the BPF
at f ¼ 200 Hz. Entering the stall region at u � 0.16 leads to signifi-
cant increase at f ¼ 300 Hz, which can be assigned to blade interac-
tion effects. At this particular frequency, partial stall occurs over the
blade span, resulting in a constant ratio of the corresponding aerody-
namic wavelength and the blade spacing (arc length) of k/b ¼ 1.5,
thus indicating an interaction of the separated flow structures with
subsequent blades as well as their harmonics. This is considered
meaningful, as during one blade passage of the full rotor, the axial
flow covers only distance of approximately 15 mm � Dx � 20 mm
in a range of flow coefficients 0.12 � u � 0.16 at nominal speed. At
post stall (u � 0.11), the overall level is at its maximum due to sig-
nificant broadband noise increase plus additional low-frequency
components that can be observed. This is due to large-scale flow sep-
aration (rotating stall), which can be seen at f ¼ 614.5 Hz, exciting
the fundamental rotor frequency at f ¼33.5 Hz and its fourth har-
monic at f ¼ 134 Hz. In general, the level dominating frequency
range at low flow coefficients can be stated to be f� 300 Hz.

Subtracting the spectral noise radiation of the A14k13 serration
from that of the baseline provides the DSPL spectrograms in
Fig. 15 for varying number of rotor blades where positive values
indicate a noise reduction and negative a noise increase. As can
be seen, the serration exhibits a lower broadband noise radiation
over a large variation of flow coefficients, except for the low-
frequency part of the stall region at 0.10 � u � 0.14 for the six-
blade case (Fig. 15, top). Prestall (u > 0.15), a noise reduction of
comprehensive character can be observed, agreeing well with the
already described spanwise decorrelation effects of the serrations
over the fan blades, leading to negative interference and reducing
vortex-induced leading edge noise. For the transition area in close
vicinity to the stall region, however, these specific effects of the

serrations are still in action but, in addition, the serration’s ability
to delay the stall by generating counter rotating vortices come into
play. By re-energizing the blade’s boundary layer, the flow
remains attached while for the baseline reference case partial sep-
aration occurs, leading to a significant increase of the noise level.
Consequently, the improved noise reduction capability of the ser-
rated blades close to the unsteady stall-region can be attributed to
aerodynamic stall-delaying effects, paired with efficient aeroa-
coustic reduction of vortex-induced noise due to the sinusoidal
contour of the leading edges. At f ¼ 300 Hz, Fig. 15 (top) shows
significant noise reduction for the full rotor case, indicating the
ability of the serrations to reduce the previously described airfoil
interaction noise. The separated structures interact with the fan
blades of subsequent blades and can be reduced efficiently by 3.1
dB in a frequency range of 240 � f � 320 Hz. The blade passing
frequency is also reduced by DSPL ¼ 2 dB. These effects can be
observed for both, the full rotor case and the four-blade case (Fig.
15, bottom left), covering only one blade passage. For the two-
blade case, however, no such effect is observed. Assuming the
two single blades to be fully independent of each other without
any form of aerodynamic interaction this observation leads to the
statement that leading edge serrations do have the potential of
affecting blade interaction noise in a beneficial manner. After
entering the stall region, the serrated rotor shows a reduced ability
to keep the flow attached when compared to the corresponding
baseline what might be caused by detrimental interaction of the
vortices generated by the serrated leading edges with tip leakage
flow structures (crossing of vortices) and are found in both, the
aerodynamic and the aeroacoustic signature. Moving the focus
toward the tested cases with lower number of fan blades (Fig. 15,
bottom) shows similar effects, suggesting a systematic cause
albeit for lower blade number the region of higher noise radiation
extends toward higher frequencies and extends over an increased
range of flow coefficients. This specific extension of the region,
showing a partial noise increase due to the serrations, cannot be
attributed to tip leakage effects. In fact, for the four-blade case,

Fig. 14 Spectrogram of full rotor BSLN G01 case over varying
flow coefficients

Fig. 15 Spectral sound pressure level reduction (BSLN versus
A14k13) over varying flow coefficients u with six blades (top),
four blades (bottom left) and two blades (bottom right) at high
incoming turbulence G01
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more tonal components, including a slight increase of the sur-
rounding noise floor, are excited due to the unevenly distribution
of the fan blades. In combination with the lower blade passing fre-
quency (fBPF ¼ 133 Hz) compared to the full rotor, significant
noise sources are shifted toward lower frequencies. For the two
blade case, though the BPF is at f ¼ 66.7 Hz, once again stressing
the low-frequency region. Moreover, the global aerodynamics of
the rotor by means of stall delaying effects is no longer affected
significantly at lower blade number, leading to a simultaneous
transition into stall for the baseline and the serrated case.

Applying the customized filters, presented previously, Fig. 16
shows the contribution of low-frequency, tonal and broadband
components as well as the reduction by means of the BPF for the
microphone signals on the discharge side of the fan. For the six-
blade case, a clear dependency of the noise reduction capability
on the low-frequency and broadband components becomes evi-
dent, which shows a highly similar trend when varying the flow
coefficient. Especially for the high-turbulent G01 inflow condi-
tions, the level-dominant components at prestall are the broadband
and the low-frequency noise, where the broadband part shows
slightly higher impact. The noise reduction due to these compo-
nents increases from high flow coefficients toward the operating
point as the serrations efficiently reduce leading edge noise by
decorrelational effects along the serrated span of the blades. In the
stall region, however, no noise reduction takes place even though
significant broadband and low-frequency noise sources are present.
The underlying effect seems to be of aerodynamic nature by means
of crossing vortices of serration and tip gap reverse flow what also
affects the aerodynamic performance in this region. At low-flow
coefficients, once again the main contribution of the overall noise
reduction is due to the low-frequency component, which now domi-
nates the broadband part. Here, large-scale structures are separating
from the blade suction sides, impinging on the leading edges of
subsequent blades. Interestingly, the tonal components for the full
rotor show an increase over a large flow coefficient range. This can-
not be observed for either the four-blade case or the two-blade case,
which itself shows a more pronounced sensitivity toward the low-
frequency components, which is meaningful insofar as the BPFs
and their harmonics are shifted toward lower frequencies.

7 Wall Pressure Analysis

As explained in Sec. 2, wall-pressure measurements are con-
ducted using two pressure-tapping sensors, located at a

circumferential distance of one blade passage or 60 deg, respec-
tively (Fig. 4). In axial direction, they are mounted close to the
blade tip leading edge. Figure 17 (left) exemplarily shows the
wall-pressure spectra of the full BSLN rotor at high incoming tur-
bulence. The main features that can be observed are strong low-
frequency fluctuations at f � 300 Hz, starting when first entering
the stall region. These effects can be assigned to tip separated
flow phenomena clearly scaling with the flow coefficient and
therefore resulting at lower flow coefficients in a shift toward
lower frequencies. Interestingly both, the frequency range and the
limits of the high intensity region in Fig. 17, are comparable to
the plot of the spectral airborne-noise radiation in Fig. 14 for the
same case, even though only partially radiated into noise. This
suggests a close link for the low-frequency region between the
near-tip region of the rotor and the acoustic noise radiation. Ana-
lyzing the spectral differences between BSLN and A14k13 serra-
tion in Fig. 17 (right) shows significant reductions for the
serration prestall until entering the stall region. This reduction
clearly is of broadband character, once again showing the stall-
delaying effect of the serrations. However, the stall region appears
to be more narrow and also of higher intensity than for the base-
line, leading to an increase of the fluctuations in a limited range of
flow coefficients. At high flow coefficients though, the aeroacous-
tic effect of the serration comes into play, clearly reducing broad-
band fluctuations in the near tip region. Analyzing the wall
pressure fluctuations of the baseline and the serrated rotor shows
high similarity to the fan characteristic curves, indicating separa-
tion effects and reverse flow in the blade tip region to directly
affect the near field, though, not necessarily leading to noise
radiation.

As for the radiating pressure, for a specific region at stall also,
the wall pressure fluctuations of the serrations are higher than
those of the baseline. This region is shifted toward lower frequen-
cies and lower flow coefficients when reducing the number of
blades (Fig. 18) though being less intense for the latter case as
lower static pressure differences are achieved with two blades.

Fig. 16 Filtered OASPL reduction with six blades (top), four
blades (bottom left) and two blades (bottom right) at high
incoming turbulence G01

Fig. 17 Wall pressure level for full BSLN rotor (left) and wall
pressure level reduction (right) at G01 case over varying flow
coefficients u

Fig. 18 Spectral wall pressure level reduction with four blades
(left) and two blades (right) over varying flow coefficients u at
high incoming turbulence G01
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Reducing the number of blades shows an extension of the near-
field reduction potential toward lower flow coefficients and higher
frequencies, once again due to the shift of significant tonal compo-
nents to lower frequencies. Moreover, at high flow coefficients u,
the absolute reduction increases continuously from the two-blade
case toward the six-blade case what might be an indicator for
improved blocking effects of the tip gap region due to the vortices
generated by the serrations.

Wall-pressure fluctuations or near-field information, respec-
tively, turn out to be of relevance for the noise radiation mainly in
the stall region, where low-frequency phenomena of high intensity
are observed. Nevertheless, a significant reduction, especially of
broadband character, is observed for the serrations over a large
margin of flow coefficients though most prominent at prestall
(u � 0.16) as can be seen for the filtered wall-pressure signals in
Fig. 19. At 0.09 � u � 0.12, the observed rotating stall not only
affects the wall pressure reduction capability of the serrations by
means of low-frequency components (LP-filter) but also shows
improved performance for reducing tonal components. The broad-
band components, however, show a higher sensitivity toward
changing flow conditions, therefore already decreasing when
entering the stall region.

Comparing the wall-pressure spectra (Fig. 17) to the filtered
noise reduction in Fig. 16 confirms the general trends but does not
provide a direct transferability. Therefore, the cross-power spec-
trum, (CPS) based on the signals from the microphones and near-
field wall pressure tapping points, gives further insights into com-
mon spectral effects. Sufficient averaging of the signals leads to a
culling of signal components, which are only present in one of the
two analyzed signals, thus emphasizing common parts of the sig-
nals. Figure 20 (bottom) shows the CPS, comparing the radiated
noise (top) and the wall-pressure signal (center). In particular, at
100 Hz � f � 200 Hz and 240 Hz � f � 340 Hz, significant broad-
band peaks are observed that can be traced to the wall-pressure
spectrum, indicating that when significant aerodynamic effects
such as stall or tip gap flows occur, it does partially radiate into
noise. The same applies for serration effects when efficient reduc-
tion of near wall structures is achieved.

The significant wall-pressure reduction close to the stall region
of the six-blade case can, among others, be attributed to the stall-
delaying effect of the serrations and tends to stagnate at reducing
flow coefficients. This leads to the question if, after entering the
stall region at u � 0.16, a second effect comes into play, causing
the observed reduction with further throttling. Therefore, the
coherence function c2 (Eq. (6)), describing the normalized similar-
ity between two signals, is analyzed for the two wall pressure sig-
nals (Fig. 21). As can be seen, a region of high coherence appears
at a low-frequency band 50 Hz � f � 150 Hz and its odd integer
multiples. The frequency band of high coherence scales with the
flow coefficient of the fan where a shift toward lower frequencies
is observed at high throttling states. This becomes meaningful
when envisioning the vortex shedding in the blade tip region in

form of a periodic shedding from an airfoil’s suction side, show-
ing a change of the shedding frequency as a function of the inflow
angle. Thus, vortices of lower frequencies but of high aerody-
namic wavelength and increased slip to the rotor speed are shed at
low flow coefficients in the blade tip region. The obtained struc-
tures of high coherence are existent over at least one blade pas-
sage and are nonsynchronized with the rotor speed, similar to the
tip-clearance effects described in Ref. [18]. Comparing the coher-
ence spectrum in Fig. 21 with the obtained wall-pressure fluctua-
tions in Fig. 17 (dotted region) indicates that only the center of the
high-intensity pressure fluctuations can be assigned to these rotat-
ing structures. However, despite the fact of being due to vortex
shedding, these structures are not found for the wall-pressure
reduction spectra in Figs. 17 (right) and 18 as they seem to be
masked by the global reduction effects in the blade tip region.
Nevertheless, caused pressure fluctuations by these rotating struc-
tures are apparently radiated and reduced by the serrations as they
are found in the acoustic spectra in, e.g., Fig. 15 (top and bottom
left).

Comparing the coherence between the two individually ana-
lyzed leading edges, as exemplarily shown for the six-blade case
in Fig. 21, reveals a significant reduction when approaching the
stall region but an increase of coherence when stalling. This
reduction also affects the acoustic signature (Fig. 15), including
higher harmonics of the coherent regime. This once again indi-
cates a close relationship between the wall pressure fluctuation
and the gathered airborne noise where the serrations seem to alter
the flow structure of the separated structures.

Only at significant amplitudes of the coherence function c2, the
phase spectrum of the complex CPS can be analyzed as well.

Fig. 19 Filtered overall wall pressure level reduction with six
blades over varying flow coefficients u at high incoming turbu-
lence G01

Fig. 20 Comparison of acoustic radiation (top) and wall-
pressure fluctuations (center) by means of the cross power
function (bottom) for full rotor BSLN at U 5 0.12, W 5 0.19

Fig. 21 Coherence for full rotor G01 case BSLN (left) versus
A14k13 serration (right) over varying flow coefficients u
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Figure 22 shows a high coherence and an almost linear trend of
the associated phase angle in a frequency band 60 Hz � f � 140,
indicating a constant propagation speed of a structure within the
defined frequency range. At known sensor distance Dx, evaluating
the slope of the phase angle Df/Du yields according to Eq. (8) the
absolute value of the convective propagation speed of the coher-
ent structure.

UWall ¼
Df � Dx � 360

D/
(8)

Evaluating the extracted convective velocities of the rotating
structures (Fig. 23) at varying flow coefficients shows higher
velocities for the baseline case than for the separated structures of
the serrated rotor. Hence, a link between coherence and the corre-
sponding velocity from the phase information can be established
for this case. Coherent structures similar to the ones shown are
also present for the four-blade case and, to a lesser extent, also for
the two-blade case. However, the impact of these structures tends
to decrease with decreasing blade number. The observed reduc-
tion in propagation velocity due to the serrations is expected to be
caused by increasing mixing effects when the vortices of the ser-
ration and the rotating structure are interacting. In consequence,
the scattering of this separated blade tip structure can be seen as
responsible for the reduction in coherence and thus also for a
reduction of the noise.

8 Conclusions

An airfoil with previously well-analyzed leading edge serra-
tions is transferred to the rotating frame in form of a low-pressure
axial fan. Comparing a baseline fan with straight leading edges to

the serrated one provides information on the noise reduction capa-
bility as well as the aerodynamic performance. However, the
focus of this study is not to maximize the noise reduction but to
gain deepened insights into the underlying noise reduction effects
over the full fan characteristic curve. For the identification of
transfer effects from the rigid to the rotating frame by means of
possible blade interaction, blade tip influences, and reverse flow
interactions, a successive approach is chosen, varying the blade
number from six-blades over four-blades to the point of a two-
blade case. The results obtained allow this paper to reach the fol-
lowing conclusions:

� Improved stall margin of diminishing global effect with
reducing the blade number but also associated with penalties
in the aerodynamic performance. Compared to the baseline,
this effect leads to significant noise reduction close to the
stall region and is attributed to the large-scale vortices, gen-
erated by the serrated contour. For practical application, the
benefits and drawbacks of these opposing trends still need to
be weighed against each other according to the current stage
of research.

� Observation of coherent structures, nonsynchronized with
the rotor speed and varying slip, scaling with the flow coeffi-
cient. These structures are identified to be due to flow separa-
tion close to the blade tip and are reduced significantly by
the serrations, affecting both, the near-field wall pressure and
the noise radiation. The underlying mechanism is expected
to be increased vortex interaction effects, leading to a reduc-
tion of the convective vortex velocity and a scattering of the
large scale structures, resulting in a decreased coherence.

� A relationship between the near field wall pressure fluctua-
tions and the radiation into noise can be identified only at
existent significant aerodynamic effects in the blade tip
region.

� Identification of blade interaction effects for the full rotor
and, to a lesser extent, for the four-blade case where sepa-
rated structures are efficiently reduced by the serrated lead-
ing edges, resulting in a noise reduction. In general, the noise
reduction capability of the serration increases with increasing
the blade number as simultaneously the complexity of the
flow and hence also of the strength of potential sources to be
reduced increases. This seems promising, especially for
applications of low rotor solidity.

� The classic high-turbulent inflow conditions, investigated for
rigidly mounted airfoils, are given only at prestall conditions
and, though the vortices are of large-scale character, at post-
stall. Here, the aeroacoustic effects of the serrations show
noticeable efficiency, where for the remaining parts of the
fan curve, the noise reduction capability highly depends on
the underlying phenomena, generating the noise.

Nomenclature

A ¼ serration amplitude (m)
b ¼ arc length of two subsequent fan blades (m)
c ¼ speed of sound (m s�1)
C ¼ blade chord length (m)

CPS ¼ cross power spectrum (dB)
CSP ¼ corrected sound pressure coefficient

D ¼ duct diameter (m)
E(f) ¼ one-dimensional power spectral density (Pa2/Hz)

f0 ¼ fundamental frequency (Hz)
G11ðxÞ ¼ cross spectral density function (V2 s)
G12ðxÞ ¼ auto spectral density function (V2 s)
OASPL ¼ overall sound pressure level (dB)

PElec ¼ electrical power (W)
p2

RMS ¼ squared effective sound pressure (Pa2)
_Q ¼ flow rate (m3 s�1)
R ¼ duct radius (m)

SPL ¼ sound pressure level (dB)

Fig. 22 Exemplary coherence function and phase angle of two
wall pressure signals at u 5 0.14, W 5 0.18

Fig. 23 Convective velocities at G01 between the pressure tap-
ping points at full rotor (left) and four-blade case (right) over
varying flow coefficients u
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ts ¼ integral time scale (s)
Tu ¼ turbulence intensity

URot ¼ circumferential velocity (m s�1)
U0 ¼ mean flow velocity (m s�1)
u0 ¼ velocity fluctuation (m s�1)
u2 ¼ squared fluctuation velocity (m2 s�2)
a ¼ angle of attack (deg)
c2 ¼ coherence function

DOASPL ¼ sound pressure level reduction (dB)
Dp ¼ static pressure difference (Pa)
Dx ¼ nominal distance (m)
Du ¼ phase angle difference (deg)

f ¼ pressure-loss coefficient
g ¼ aerodynamic efficiency
k ¼ serration wavelength (m)

Kuu ¼ longitudinal integral length scale (m)
q ¼ air density (m3 kg�1)
u ¼ aerodynamic flow coefficient
w ¼ aerodynamic pressure coefficient
x ¼ angular frequency (s�1)
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