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Abstract – A detailed experimental analysis of the aerodynamic and aeroacoustic properties of flat-plate axial
fans with slitted leading edges is performed. The sound emissions of five slitted leading edge designs are
measured at a constant rotational speed and at a constant total-to-static pressure rise of the fans. For both
cases, the fan blades with slitted leading edges reduce the turbulence interaction noise and lead to a reduction
of the overall sound pressure level for volume flow rates above 0.6 m3 s�1 compared to an axial fan with solid
leading edges. The far-field noise analysis shows that the slits result in a noise reduction for frequencies below
2 kHz and a noise increase above 2 kHz. In addition, sound source localization is conducted with a microphone
array and rotating beamforming methods are applied. The identified sound source distributions prove that
slitted leading edges reduce turbulence interaction noise, but generate broadband noise in the fan blades’
trailing edge regions. The maximum sound reduction due to the slits could be detected at a dimensionless
frequency of fh=w � 0:5, where f is the frequency, h is the height of the slit and w is the mean relative inflow
velocity. The noise reduction mechanism on axial fan blades corresponds well to previous investigations on
flat-plate airfoils with slits.

Keywords: Slitted leading edges, Turbulence interaction noise, Noise reduction, Microphone array, Rotating
beamforming, Axial fan

1 Introduction

Ventilation systems are essential for creating a healthy
indoor climate in living and working spaces. In addition
to air conditioning, the elimination of aerosols and air
pollution control, criteria of minimal noise pollution must
also be met to fulfill legal requirements and health stan-
dards. In this way, the acceptance of the systems in the
user’s environment can be ensured. The axial fans used in
these ventilation systems are among the system compo-
nents with the highest noise emission. A dominant source
of noise from axial fans is turbulence interaction noise,
which is generated by the interaction of the leading edges
of the fan blades with the turbulence of the incoming flow,
especially when the axial fans are located behind a heat
exchanger, a filter, or a protective device (see, for example,
[1, 2]). With the aim of reducing turbulence interaction
noise, different leading-edge modifications have been
developed that affect the aerodynamic and aeroacoustic
properties of axial fans. Leading-edge treatment approaches

to reduce turbulence interaction noise for axial fans include
leading-edge serrations [3–8], flow-permeable materials
[9–11] or modifications of the blade shape in the form of
sweeping or skewing [12–17]. The approach followed in this
work is based on preliminary wind tunnel investigations on
slitted flat-plate airfoils [18, 19]. The physical sound reduc-
tion mechanism of the slitted leading edge there is related to
a phase interference and destruction effect of the surface
pressure fluctuations, which arises from two sources at both
ends of the slit at fh/u � (2n � 1)/2, where n = 1, 2, 3, . . . f
is the source frequency, h is the total height of the slit and u
is the relative inflow velocity. Previous experimental [18, 19]
and numerical [20] investigations have confirmed the
hypothesis that the noise reduction mechanisms for slitted
leading edges on flat plates are related to an overall reduc-
tion in source strength through the interference between
two sources at either ends of the slit. The ratio of hydrody-
namic wavelength u/f to the slit height h is the critical non-
dimensional factor which govern the peak noise reductions.
The two sources differ by a phase (/ = xh/u) as the sources
are separated in the streamwise direction by a distance h.
Maximum noise reductions are achieved at a frequency at*Corresponding author: christof.ocker@hs-aalen.de
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which the two sources are located on either end of the slit
radiate 180� out of phase. In addition to relatively simple
slits at the leading edge of airfoils, slits were also used in
combination with sinusoidal leading edges or serrated lead-
ing edges. In this case, the roots of the serrations were addi-
tionally extended with the slits. It was found that slits in
combination with serrations achieved the best noise reduc-
tion at a relative slit width of w/k = 0.133, where k is the
wavelength of the serrations [18, 21]. For the relative slit
spacing d/w in relation to the width of the slits, the best
sound reduction was found for a value of 6.72. For the
dependence of the sound reduction on the slit height, it
was observed that with increasing height h the sound
reduction increases [19]. The increased sound reduction
may be a result from an increased cross-flow between pres-
sure and suction side. However, this cross-flow would also
decrease the aerodynamic performance of the flat-plate
airfoil. Unfortunately, the aerodynamic properties of the
flat-plate airfoils have not been analyzed in the work of
Chaitanya et al. [19]. Czwielong et al. [22] applied the slits
to profiled axial fans to reduce the leading edge noise of the
fan in heat exchanger systems. It was shown that slits in
their application lead to better sound reduction than
serrated leading edges, but also reduce the pressure rise of
the fan.

Based on the investigations on flat-plate airfoils in the
wind tunnel, fan blades with slitted leading edges are
analyzed in this work for different operating points in terms
of their aerodynamic and aeroacoustic properties. Further,
measurements with a microphone array are conducted
and a rotating beamforming method is applied for sound
source localization. The underlying mechanisms of noise
generation may differ from those observed at flat-plate
airfoils since the prevailing velocity components are differ-
ent due to the rotation and the turbulence in rotating
systems is most as likely not ideally homogeneous and
isotropic as in a wind tunnel study [14, 15, 23]. In addition,
axial fan effects such as tip-leakage flow, rotating stall, tran-
sient blade forces, flows in radial direction and tonal aspects
due to the blade passing frequency occur for different inflow
turbulence and operating points. This makes a transfer of
noise reduction techniques from flat-plate airfoils to a rotat-
ing fan challenging.

2 Slitted fan blades and test setup

For the investigations, simplified flat-plate fans, which
are often used in low-cost fan products, are equipped with
different slit designs at their leading edges. The effects of
the slits on the aerodynamics and aeroacoustic properties
of the fans are investigated using a standardized axial fan
test rig. In this test rig, turbulent inflow conditions are
generated by rigid turbulence grids. The increased inflow
turbulence in turn interacts with the leading edge of the
fans, creating an amplified sound source in the low fre-
quency range. This increased sound source is intended to
be reduced by the leading edge slits.

2.1 Fan blade designs

In order to transfer the noise reduction mechanism of a
slitted leading edge on flat-plate airfoils as accurately as
possible into a rotating system, the investigated fan blades
were laser cut from an aluminum plate with a constant
thickness of 6 mm. Each fan consists of nine forward-skewed
fan blades. The blade skew is a combination of a blade
sweep k and a blade dihedral v [15]. For low-pressure axial
fans, forward-skewed fan blades are already acoustically
optimized compared to backward-skewed and unskewed
fan blades. This optimized blade skew has also been con-
firmed on the flat-plate fans used [6, 16]. The sweep angle
increases linearly along the fan blade span from k = 0� at
the hub to k = 55� at the tip and the dihedral angle is 0�
due to the flat-plate blade geometry. Further, basic fan
design parameters are listed in Table 1.

In total, six fans are investigated, one reference fan
without slits and five fans with slitted leading edges. The
geometry of the slits is defined by the slit height h, the slit
width w and the slit spacing d. The slit height was kept con-
stant at h = 22.5 mm and the slit width and slit spacing
were varied. The slit height in relation to the mean chord
length of the fan blades has a value of h=lc ¼ 32:33%. For
the relative value of 33%, the best sound reduction proper-
ties were already found on flat-plate airfoils in wind tunnel
tests [19]. For example, the fan h22_5_w2_d15 has a slit
height h = 22.5 mm, a slit width w = 2 mm and a distance
between the slits of d = 15 mm (Fig. 1b).

The design parameters of the slits at the leading edge of
the axial fan can be illustrated by means of Figure 2. The
slits are arranged along the radius of the fan, i.e., along
the span position. It has been found that the incident flow
velocity is related to the achieved sound reduction and the
position of the maximum sound reduction in the frequency
domain. For axial fans the velocity triangles are valid [24],
which are composed of the circumferential velocity of the
fan, the absolute velocity and the velocity in the relative
system of the fan. The relative velocity to the fan blade
represents the velocity corresponding to the incident
velocity on the rigid airfoil. According to the blade element
theory [15], the axial fan was divided into ten segments, in
which the relative velocity was determined. The mean
value of the relative velocity was then calculated using
equation (1). Here, the index i = 1 indicates the fan section

Table 1. Fan design parameters and operating point.

Parameter Specification

Fan diameter dfan 0.497 m
Hub diameter dhub 0.248 m
Tip gap s 0.0015 m
Mean chord length lc 69.6 mm
Number of fan blades 9
Fan blade design Forward-skewed flat plates
Blade sweep angle k (hub, ..., tip) 0�, . . ., 55�
Blade dihedral angle m 0�
Rotational rate fR 24.8 Hz
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at the hub and the index i = 10 at the blade tip. At
the design point ( _V ¼ 1:1 m s�1), the averaged relative
velocity over the whole entrance of the fan blade is
w ¼ 30:3 m s�1:

w ¼ 1
10

X10

i¼1

wi: ð1Þ

The geometrical variants of the investigated fans are shown
in Table 2. These variants were chosen to investigate the
scaling of the slits, the impact of the slit width and the slit
spacing for different operating points.

2.2 Experimental setup

The aerodynamic performance and the noise emission of
the axial fans were measured in the axial test bench at
the Friedrich-Alexander University Erlangen-Nuremberg
[15, 25]. The inflow turbulence necessary for the investiga-
tion of turbulence interaction noise was generated by a
turbulence grid, which was mounted 65 mm upstream of
the axial fans in a short duct. The turbulence grid has a
mesh width of 24 mm, a bar width of 4 mm [23] and gener-
ates disturbed inflow conditions with a mean turbulence
intensity of Tu � 15:7% and a mean integral length scale
of K � 18mm. The flow field downstream of the turbulence
grid was investigated using 3D hot-wire anemometry
(Dantec Dynamics). For these measurements, the fan was
replaced by a bladeless hub body [26].

The aerodynamic and aeroacoustic properties of the
fans were measured for different operating points. To eval-
uate the aerodynamic performance of the fans, the total-to-
static pressure difference, i.e., the pressure increase between
the measurement chamber and the ambient environment, is
compared with each other as a function of the volume flow
rate. Therefore, the volume flow rate, the total-to-static
pressure difference, the rotational speed and the shaft
torque were measured for a time of tm = 15 s and a sampling
frequency of fs = 1 kHz. To characterize the sound field,
first, seven 1/2th inch free-field microphones from Brüel
& Kjær were positioned on a horizontal semicircle with a

Figure 1. (a) Reference fan and (b) fan h22_5_w2_d15 with slitted leading edges.

Figure 2. Schematic of a fan blade with the relative velocity wi

changing over the span. The areas in which the dominant sound
sources are located are marked in blue and red. The design
parameters slit width w, slit spacing d and slit height h are
shown. The sound sources between leading edge and slit root are
separated from each other by the slit height h.

Table 2. Geometrical parameters of slitted fans [15].

Slitted leading edge h (mm) w (mm) d (mm) d/w (–)

Reference – – – –

h22_5_w0_5_d4_5 22.5 0.5 4.5 9
h22_5_w1_d9 22.5 1 9 9
h22_5_w2_d10 22.5 2 10 5
h22_5_w2_d15 22.5 2 15 7.5
h22_5_w2_d19 22.5 2 19 9.5
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radius of r = 1 m around the bellmouth at the same height
as the fan rotational axis (Fig. 3a). The sound pressure was
measured for a time of tm = 30 s with a sampling frequency
of fs = 48 kHz and the overall sound pressure level (SPL)
was determined from the averaged spectrum for the
frequency range f 2 [0.1 kHz; 10 kHz]. This experimental
setup is typically used to determine the far-field noise emis-
sion of axial fans. In order to obtain additional information
about the pressure fluctuations on the inner duct wall and
in the tip gap of the fan, the duct used is equipped with
15 pressure sensors (XCs-093-1psi D kulite) along a line
from the suction side of the fan to the pressure side. The
sensors are installed flush with the duct wall and can thus
measure the pressure fluctuations on the duct wall [15]. In
addition, acoustic measurements were performed using a
planar microphone array, consisting of 64 1/4th inch
microphones of the type 40PH-Sx (G.R.A.S. Sound and
Vibration A/S) mounted on a ring-shaped array with a
diameter of darray = 1.8 m (Fig. 3b). The measurement dis-
tance from the fan and the microphone array was
z = 0.81 m. Rotating beamforming is applied for sound
source localization to present the benefit compared to the
conventional experimental setup with seven microphones
[27, 28].

3 Results

The axial fans were measured first at a constant rota-
tional speed of fR = 24.8 Hz. Then, the rotational speed
of each fan was adapted to obtain the same total-to-static
pressure rise for all fans at a specific operating point.
Finally, the axial fans were measured with a microphone
array for sound source localization and to connect the sound
source distribution to the noise generation mechanisms.

3.1 Aeroacoustic properties at constant rotational
speed

Considering a constant rotational speed for all fans, the
total-to-static pressure difference of the fans with slitted
leading edges decreases for all operating points considered
(Fig. 4a). This difference could be due to the fact that the

slits cut into the fan blades also reduce the fan blade area
at the leading edge. Even though the reduced area only
takes up a small part of the total blade area, it still reduces
the pressure rise of the fan. At the same time, the slits cause
a sound level reduction of up to 7 dB (Fig. 4b). The fan
h22_5_w2_d10 has the most efficient noise reduction over
a broad volume flow range, but it also has the highest aero-
dynamic penalty. This means that any reduction in the
sound level must be weighed against a deterioration in
the aerodynamic performance (Section 3.3). Further, the
acoustical optimum is shifted from a volume flow rate
_V ¼ 1.1 m3 s�1 for the reference fan to _V ¼ 0.9 m3 s�1

for the fans with slitted leading edges.
An evaluation of the sound pressure spectra for the

design point of the reference fan ( _V ¼ 1.1 m3 s�1) shows
that the sound pressure level is reduced by the slitted lead-
ing edge for frequencies below 2 kHz (Fig. 5). The broad-
band noise reduction could be related to a reduced
turbulence interaction noise at the leading edge of the fan
blade. Further, a weakened tip gap vortex may be gener-
ated due to a reduced pressure difference between the
suction side and pressure side. The flow through the slits
locally reduces the pressure difference at the blade and thus
decreases the strength of the tip gap vortex. In addition,
tonal components related to the blade passing frequency
and its harmonics are reduced by the slits. Tonal sound
sources are often generated by fluctuating blade forces,
which lead to unsteady loading noise [15, 29]. Similar to
the observations on leading edge serrations, slits may
reduce the tonal components by reducing the unsteady
blade forces [30]. Above 2 kHz, however, the sound pressure
level is increased compared to the reference fan. High-
frequency noise is assumed to be due to the thickening of
the turbulent boundary layer by the slits at the leading edge
and the interaction with the trailing edge.

Finally, a reduction of the total sound pressure level Lp

up to 3.4 dB is observed at the design point for the fans
with slitted leading edges in comparison to the reference
fan. Further, it should be kept in mind that for frequencies
up to 2 kHz the noise reduction is very effective from a
psychoacoustic point of view.

In addition to the far field, the analysis of the wall-
pressure fluctuations in the duct provides additional

Figure 3. (a) Conventional far-field noise measurement setup for axial fans and (b) microphone array measurement setup.
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information that is useful for the interpretation of the
acoustic effects of the slitted fans. Figure 6 shows the linear
pressure spectra of the second pressure sensor on the suction
side of the fan. These show similar characteristics to the
acoustic far field. It can be seen that a broadband reduction
up to 2 kHz is present due to the slits. This indicates that
the pressure fluctuations at the leading edge of the fan
in the vicinity of the pressure sensor have been reduced
by the slits. This reduction must take place partially in
the area of the tip gap so that this can be detected by the
wall-flush pressure sensors. The same tendencies in the
pressure spectrum can be observed for the other pressure
sensors on the suction side and in the tip gap of the axial
fans. This indicates that not only the leading edge noise

alone can be reduced due to the slits, but that the vortex
system which forms in the tip gap of the fans is weakened
by the interaction of the flow with the slits.

3.2 Sound pressure reduction and correlations to
stationary flat-plate airfoils

In the literature [18, 19, 31] on slits in flat-plate airfoils,
which were investigated with respect to their acoustic prop-
erties in wind tunnels, it was found that the slits exhibit a
peak sound power reduction at fh/u � (2n � 1)/2, where
n = 1, 2, 3, . . . . In order to investigate the validity of this
relationship on rotating axial fan blades, the difference one-
third octave band spectra of the slitted fans in relation to

Figure 4. Characteristic curves for the reference fan and the fans with slitted leading edges. (a) Aerodynamic curves, (b) overall
sound pressure levels.

Figure 5. Sound pressure spectra for a volume flow rate _V ¼ 1.1 m3 s�1 at a constant rotational speed.
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the reference fan are shown in Figure 7. A positive value
indicates a sound reduction compared to the reference
fan. In this case, the spectrum is not displayed as a function
of frequency but by the dimensionless ratio fh=w derived
from the flat-plate airfoil investigations. This representation
was chosen according to the literature [19]. For the axial
fan, the relative velocity in the rotating reference system
represents the incident flow velocity on the leading edge
of the blade, so in this case for the fan application the inci-
dent flow velocity u from the wind tunnel investigations
was replaced by the mean relative flow velocity w on the
axial fan blade. The relative velocity varies over the radius
of the axial fan, which is why in this case the mean relative
velocity over the whole axial fan blade is referred to. At the
design point, the mean relative velocity is w ¼ 30:3 m s�1.

In Figure 7, a hump in the sound reduction can be seen for
all slitted fans. This has its maximum at fh=w � 0:5
(f = 673 Hz). This indicates that the relationship between
the maximum in the sound reduction and the slit parame-
ters as well as the flow velocity, which has already been
derived for rigid plates, can also be found in a good approx-
imation for rotating flat-plate fans. The second hump at
fh=w � 1:5 (f = 2020 Hz) could not be identified here
because the noise of the trailing edge already dominates
the interaction noise of the leading edge. This increase in
trailing edge noise has been further explored using rotating
beamforming in Section 3.4.

In addition to the position of the maximum sound
reduction, a correlation between the maximum sound
reduction and the ratio of slit spacing and slit width d/w

Figure 6. Wall-pressure fluctuations on the suction side of the fan.

Figure 7. Difference one-third octave band spectra from the slitted axial fans to the reference fan as a function of the dimensionless
frequency.
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was determined for flat-plate airfoils in literature [19].
Thus, depending on the slit width, a respective optimal
ratio of d/w could be derived. For the slit widths of
0.5 mm, 1 mm and 2 mm selected for the fans, optimum
d/w ratios in the range of approximately 6.5–7.5 should
be found based on the flat-plate investigations [19]. In
contrast to the airfoil studies in the literature, the great-
est sound reduction can be found with the fan
h_22_5_w_d10, which has a small ratio of d/w = 5.
The fans with a slit width of w = 2 starting to generate
more sound emissions compared to the reference fan for
the dimensionless frequency of fh=w > 1:5. The generation
of high-frequency sound increases with decreasing distance
between the slits d or with decreasing ratio d/w. This indi-
cates that a higher number of slits results in higher sound
radiation at high fh=w, i.e., at high frequencies. In addition,
the limit fh=w ¼ 1:5, at which sound reduction changes to
sound increase, shifts to higher values of fh=w as the slit
width w decreases. This means that with a smaller slit
width, the frequency range in which sound attenuation
takes place can be increased compared to the reference
fan. This observation is also consistent with [19], where
smaller slit width are desirable to generate smaller increase
in high-frequency noise.

3.3 Aeroacoustic behavior at a constant pressure rise

To compare the sound level reduction of the slitted fans
to the reference fan at a similar total-to-static pressure rise,
the rotational speed of the individual fans were adapted. In
real applications, the operating point of the fans is often
defined by the system, i.e., by the pressure loss present.
The required volume flow is achieved by controlling the
speed of the fans. For this reason, it is important to com-
pare the fans at the same operating point in order to obtain
a better reference to the sound emission of the fans in real

systems. Since the fan h22_5_w2_d10 has the lowest pres-
sure rise for a constant rotational speed, the rotational
speed of the other fans were reduced to obtain a similar
total-to-static pressure rise as the fan h22_5_w2_d10
(Fig. 8a). The aerodynamic characteristics curve of the fans
are not shown here in this case because they are identical to
the curve of h22_5_w2_d10 from Figure 4a for all fans. It
must be noted that the flow separation in the partial load
range is influenced by the changed rotational speed and,
due to the associated change in Reynolds number, a com-
parison in this operating range must be viewed with caution
with regard to the sound radiation. For low volume flow
rates up to _V ¼ 0.4 m3 s�1, the sound pressure levels of
the fans with a slit width of w = 2 mm are higher compared
to the reference fan and the fans with smaller slit widths.
Above _V ¼ 0.4 m3 s�1, the fans with slitted leading edges
still have a lower sound radiation up to 2.3 dB compared
to the reference fan, although, the pressure rise is similar
(Fig. 8b). In contrast to the measurements at a constant
rotational speed, the operating point with the acoustic
optimum is the same for the reference fan and the fans with
slitted blades ( _V ¼ 0.8 m3 s�1).

Due to the different rotational speeds of the fans, the
tonal components in the sound pressure spectra are shifted
in frequency (Fig. 9). The sound pressure spectra are
plotted for a volume flow rate of _V ¼ 1.1 m3 s�1. Due to
the adaption of the rotational speed, the reference fan
and the modified fans are now operating at a off-design
point. Nevertheless, the sound pressure spectra for the
other operating points are comparable. Again, a broadband
noise reduction is obtained for the slitted fan blades for fre-
quencies below 2 kHz. Above 2 kHz, the reference fan has
the lowest sound pressure levels. The tonal components
due to the blade passing frequency are higher for the refer-
ence fan up to the third harmonic. The sound pressure level
for higher harmonics is lower for the reference fan compared

Figure 8. (a) Rotational speed and (b) overall sound pressure level as a function of the volume flow rate for the reference fan and the
fans with slitted leading edges at a constant pressure rise.
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to the slitted fan blades. This has also been observed
for the measurements at a constant rotational speed
(Fig. 5).

The identification of the physical mechanisms and the
extent to which each of the mechanisms contributes to
the total noise generation cannot be completely resolved
with this experimental setup. Additional flow field measure-
ments, e.g., laser Doppler anemometer measurements,
particle image velocimetry or wall pressure fluctuations on
the blade surface, are needed to predict the sound field.
In addition, a numerical analysis based on computational
fluid dynamics in combination with acoustic analogy
models [32] or solving the acoustic perturbation equations
[33] is another suitable method to identify the physical
mechanisms. The identification of the sound source distri-
bution is still not easily available.

3.4 Sound source localization

Microphone array techniques combined with rotating
beamforming methods provide an opportunity to under-
stand the noise generation mechanisms in more detail
because the sound source distribution is determined directly
from the acoustic measurement. The sound source distribu-
tion can be better attributed to specific flow phenomena,
which in turn helps to develop geometrical optimization
strategies on the fan blades to reduce noise emission.

Therefore, as a second step, the sound sources are local-
ized with a microphone array. The sound field in the rotat-
ing frame of reference is calculated with the acoustic ray
method (ARM) [34] and the modal decomposition method
in combination with Daniell’s method [35] is used to calcu-
late microphone auto and cross spectra in the rotating
frame of reference. Then, CLEAN-SC is applied to the
beamformer output to improve the resolution and the
dynamic range of the acoustic source maps [36]. Further
processing parameters for the acoustic source maps corre-
spond to those defined in Table 3. The following results

refer to the design point of the fans at _V ¼ 1.1 m3 s�1 with
the constant rotational speed of fR = 24.8 Hz.

Acoustic source maps are exemplarily evaluated for the
one-third octave band having a center frequency fc = 4 kHz
(Fig. 10). The dominant sound sources are localized near
the leading edge for the reference fan, whereas they are
shifted towards the trailing edge for the slitted fan blades.
Hence, the main sound generation mechanism for the refer-
ence fan is turbulence interaction noise. The slits at the
leading edge reduce turbulence interaction noise, but create
an increased turbulent boundary layer that generates
broadband noise by convecting eddies past the trailing edge
[38, 39]. For the fan blade variants h22_5_w0_5_d4_5
(Fig. 10b) and h22_5_w2_d10 (Fig. 10d), the sound
sources are localized at the root of the slit in the middle
of the fan blade and for the other slitted fan blades the
sound sources are even shifted past the trailing edge. The
highest noise generation is related to rotor self-noise [40]
for the slitted fan blades.

For a more quantified analysis of the sound source dis-
tribution, integration regions around the leading edge and
the trailing edge are defined (red and blue region in
Fig. 10). It should be kept in mind that sound sources in
the leading edge subregion do not only originate from lead-
ing edge noise. Instead, the integration range also includes
sound sources on the blade surface, e.g., unsteady blade

Figure 9. Sound pressure spectra for a volume flow rate _V ¼ 1.1 m3 s�1 at a constant pressure rise.

Table 3. Processing parameters for the acoustic source map.

Parameter Specification

Cartesian focus grid 61 � 61 focus points
Grid size 0.6 m� 0.6 m
Grid spacing 0.01 m
CLEAN-SC iterations 200
CLEAN-SC loop gain 0.9
Steering vector formulation [37] III
Dynamic range 10 dB

C. Ocker et al.: Acta Acustica 2022, 6, 488



forces due to pressure fluctuations. The integrated source
spectra were calculated for each blade subregion separately
to determine the contribution of each blade subregion to
the total sound pressure level. Further, the entire blade
region is calculated as the sum of the two subregions. For
brevity, the integrated spectra are exemplarily shown for
the reference fan (Fig. 11a) and the fan h22_5_w1_d9
(Fig. 11b). The dominant sound sources for the reference
fan are localized in the leading edge subregion for the fre-
quency range f 2 [2 kHz; 10 kHz], whereas they are localized
in the trailing edge subregions for the fan h22_5_w1_d9.
The integrated spectra for the trailing edge subregion are
up to 6.9 dB higher compared to those for the leading edge
subregions for the fan modified with slitted leading edges.
Rotor self-noise makes a major contribution to the overall
emitted sound of the slitted fans. Similar to the measured

sound pressure spectra in Figure 5, the integrated spectra
for the entire blade regions are higher for the slitted fan
blades compared to the reference fan for frequencies above
2.5 kHz.

In order to compare all slitted fans with the reference
fan, the difference of the integrated one-third octave band
spectra are compared separately for the leading edge subre-
gions (Fig. 12a), the trailing edge subregions (Fig. 12b) and
the entire blade regions (Fig. 12c). The comparison shows
that slitted leading edges on the fan blades have a compa-
rable effect on the noise emission independently of the
geometry of the investigated slits. In contrast to Figure 7,
the second hump at fh=w � 1:5 is identified indicating noise
reduction at the leading edges (Fig. 12a). This hump could
not be identified from conventional far-field measurements
(Fig. 7) as trailing edge noise is the dominant source of noise

Figure 10. Acoustic source maps for the one-third octave band having a center frequency fc = 4 kHz evaluated with the ARM.
The red marked area is the subregion of the leading edge and blue marked area is the subregion of the trailing edge. Volume flow rate
_V ¼ 1.1 m3 s�1 and fan rotational speed fR = 24.8 Hz.
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there. Due to the poor spatial resolution of the acoustic
source maps at low frequencies, the first hump at
fh=w � 0:5 could not be confirmed. Leading edge noise is
reduced for the frequency range f 2 [1.25 kHz; 10 kHz] for
most of the variants. Since the dominant sound sources
for the fans h22_5_w0_5_d4_5 and h22_5_w2_d10
are localized in the middle of the fan blade (e.g., Fig. 10),

i.e., near the boundary between the subregions, some of
the sound sources are assigned to the leading edge subre-
gions and others near them to the trailing edge subregions.
The sound sources in the trailing edge subregions are
increased due to the slits for frequencies above 1.6 kHz.
Looking at the difference of the integrated one-third octave
band spectra for the entire blade regions, a sound reduction

Figure 11. Integrated source spectra as calculated with the ARM. Volume flow rate _V ¼ 1:1 m3 s�1 and fan rotational speed
fR = 24.8 Hz.

Figure 12. Difference of the integrated one-third octave band spectra from the slitted axial fans to the reference fan as a function
of the dimensionless frequency. Volume flow rate _V ¼ 1:1 m3 s�1 and fan rotational speed fR = 24.8 Hz. (a) Leading edge subregions,
(b) trailing edge subregions, (c) entire blade regions.
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only at a dimensionless frequencies below fh=w ¼ 2 is
obtained. In conclusion, source localization clearly demon-
strates that fan blades with slitted leading edges reduces
the turbulence interaction noise and its noise reductions
performance is limited by the increase in trailing edge noise.

4 Conclusions

The aerodynamic and aeroacoustic properties of five
axial fan blades with slitted leading edges are evaluated
and compared to axial fan blades with solid leading edges.
Slitted leading edges result in a considerable reduction in
turbulence interaction noise compared to a solid leading
edge. Allowing cross-flow from the pressure to the suction
side of the blade is beneficial for acoustics, but detrimental
for aerodynamics. Nevertheless, a comparison of the axial
fans at a constant pressure rise by adjusting the rotational
speed of each fan shows that the slitted leading edges still
produce less noise at volume flow rates above 0.6 m3 s�1.
All considered slit variations reduce leading edge noise at
low frequencies, but a penalty is observed at high frequen-
cies. It was found that the maximum noise reduction due
to the slits is at fh=w � 0:5. Thus, the maximum noise
reduction is in a similar range as found for flat-plate airfoils
with slits. Decreasing the ratio of slit spacing to slit width
d/w increases the noise reduction performance. As the slit
spacing decreases, the additional sound generated in the
high frequency range increases because more slits are con-
tained on the blade. Based on the dimensionless frequency
fh=w, it could be determined that for values fh=w < 1:5
the slits with a width of w = 2 mm lead to a sound reduc-
tion and for values fh=w > 1:5 the slits generate more
sound than the reference fan. With decreasing slit width
w, this limit of fh=w ¼ 1:5 shifts to higher values. Addi-
tional sound source localization methods revealed that the
reduction of turbulence interaction noise on slitted flat-
plate airfoils could be successfully transferred to axial fan
blades and leading edge noise could be reduced due to the
slits for a broad frequency range. Since trailing edge self-
noise is significantly increased by the slits, additional mod-
ifications of the trailing edges are needed to achieve a better
noise reduction at a comparable aerodynamic performance.
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