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ARTICLE INFO ABSTRACT
Keywords: Low-speed axial fans for engineering cooling applications are often operating in the vicinity of humans. Over the
Axial fan

last decades, an effort to mitigate fan noise has been observed. Novel fan designs with substantial noise abatement
and little to no expense on aerodynamic performance have been achieved. However, the case of unfavorable
installation conditions, namely fans immersed in non-ideal inlet flows, still complicates the optimization of fan
designs with regard to acoustic performance. In this study, the acoustic performance alteration of a low-speed
axial fan with a rotating ring is documented. Different inlet geometries are tested, while the fan aerodynamic
performance is also monitored. The acoustic performance of the fan, including sound power and sound quality
metrics, is discussed for three operating points. Furthermore, a parallel fan setup is tested to study the emergence
of acoustic interference. Results show marginal gains in aerodynamic performance for elongated inlet geometries.
On the contrary, acoustic performance and sound quality are negatively affected, particularly at high loading.
Moreover, the inlet configuration with an elongated straight duct demonstrates weak coupling to loading
conditions concerning sound power and roughness. An overall consistent scaling of aerodynamic and acoustic
performance is observed for the parallel fan system when compared to the single fan case, irrespective of inlet
geometry. Sound quality estimates of two incoherent sound sources agree well with measured values of the
parallel fan system, apart from fluctuation strength, which is overestimated at stall conditions.

Parallel fans
Acoustic interference
Installation effects
Inlet geometry
Sound quality

1. Introduction with unsteady flow structures. A series of aeroacoustic source mecha-

nisms [2,3], linked to specific flow phenomena, are inherent in the two

Axial flow fans, utilized in a multitude of industrial applications,
have been characterized as one of the workhorses of modern societies
and potentially the most familiar turbomachine [1]. Operation in the
vicinity of humans has raised concerns beyond the most sought-after
performance characteristic (i.e., aerodynamics), namely sound emis-
sions.

On an upper level, the character of sound emissions from turbo-
machinery, and as such axial flow fans, are both tonal (discrete) and
broadband while falling well within human’s auditory frequency range.
Blade forces, which can be of periodic and random nature, enacted
during turbulent fluid motion are mainly responsible for the aforemen-
tioned character [2]. An established categorization of sound sources for
axial flow fans is interaction noise and self-noise [3]. The former is at-
tributed to sound generation from flow over blades (uniform/unsteady
inlet conditions), while the latter is attributed to interactions of blades
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categories. Although most of these mechanisms have been already iden-
tified [2,3], extensively studied [4-11] and in many cases accurately
predicted [12,13], the continuous drive for predictions of improved
accuracy [14], often motivated by noise abatement strategies in early
stages of fan design, sustains research efforts within the field.
Installation effects, associated to inlet geometry and upstream/down-
stream obstructions, can alter a fan’s aerodynamic and acoustic per-
formance [15]. It is well-documented [16-18] that inlet sections of
bell-mouth design are to be preferred over intakes with sharp edges due
to larger separation regions and higher losses. Unfortunately, utilization
of preferred installations in many industrial applications is unfeasible,
for instance automotive cooling systems, thus the interplay between
acoustic performance and installation effects has been a subject of sig-
nificant attention in the literature [19-28]. Moreover, the aeroacoustic
response of axial flow machines to upstream flow conditions has been
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investigated [29-33]. In these studies, aerodynamic performance is of-
ten investigated at the level of fan characteristics (pressure rise and
efficiency over flow rate), along with resolved flow regions, e.g., in-
let interface of fan and blade path, relevant to fan noise mechanisms.
Acoustic performance is mainly represented by sound power (sound
characteristic) and sound directivity metrics. However, the human per-
ception of the generated noise, which is a critical factor, is not accurately
represented by the aforementioned physical parameters. Consequently,
evaluating sound quality metrics or psychoacoustic parameters provides
insights into the sound perception of humans.

Given its importance, multiple studies have focused on the sound
quality of axial flow machines. Cattanei et al. [34] investigated the
effect of uneven blade spacing on the noise annoyance of axial flow
fans. It was observed that fluctuation strength and roughness increased
while tonality values decreased. The effect of blade design on axial fan
acoustic performance, including psychoacoustic parameters, was stud-
ied by Zenger et al. [35]. It was shown that loudness was reduced for
both forward and backward-skewed blade modifications, while sharp-
ness was reduced for backward-skewed when compared to the unskewed
blade design case. The superior psychoacoustic performance of forward
swept blades over straight blades was also demonstrated by Muiyser
et al. [36]. A perception-influenced design for reducing propeller noise
annoyance was recently studied by Martinez et al. [37]. The potential on
improving psychoacoustic sound quality metrics, while maintaining de-
sired thrust conditions was demonstrated. The case of an electric ducted
axial fan was studied by Casagrande Hirono et al. [38]. An increased ro-
tational speed was linked to increased psychoacoustic annoyance and
loudness in all directions. Furthermore, sharpness and tonality exhib-
ited complex behavior over elevation. More recently, the impact of
geometric modifications on psychoacoustic metrics for small axial fans
was studied by Novakovié¢ et al. [39]. The investigated modifications
revealed the greatest variability over loudness, roughness, and tonal-
ity, while sharpness and fluctuation strength showcased less sensitivity.
Still, studies that concern the interplay between installation effects and
the sound quality of axial fans are rare. Schneider and Feldmann [40]
performed a psychoacoustic evaluation of radial and axial fans. Find-
ings from a wide pool of axial fan designs and operating points hinted
at a strong relationship between loudness and annoyance. In addition, it
was observed that tonality and fluctuation strength—particularly near
stall, strongly affect the perceived annoyance. However, previous inves-
tigations of installation effects have been limited to radial fans.

Compared to the single fan cases, engineering applications where
multiple axial fans are installed in proximity require further consid-
eration when evaluating installation effects on acoustic performance.
Sound emissions from a multiple cooling fan unit of a fuel cell vehicle
were investigated by Dong et al. [41]. A fan control strategy of stagger
duty cycle, guided by a numerical calculation model of the vehicle’s ex-
terior and interior sound field, led to significant noise reduction. A sound
quality prediction model for two parallel high-voltage fans was estab-
lished by Rong et al. [42]. The model allowed a subjective prediction
based on A-weighted sound pressure level (SPL), loudness, and tonal-
ity metrics while accounting for the particular installation conditions.
Guo et al. [43] studied the installation effects on acoustic and aerody-
namic performance for a parallel axial fan configuration. Optimization
of installation parameters, including fan outer ring structure and blade
installation angle, led to 1 dB noise reduction while aerodynamic per-
formance was maintained. More recently, a multi-fan cooling system
comprising five axial fans was investigated by Hu et al. [44] via a multi-
physical field computational model. Analysis based on the field synergy
theory for the thermal and the acoustic field of the system, led to an
optimized arrangement with improved heat dissipating characteristics
and noise reduction of 4.2 dBA. Outside axial fan applications but still
within the scope of axial flow machines, the psychoacoustics of an array
of distributed propellers under synchrophasing operation was evaluated
by Monteiro et al. [45]. It was found that the relative blade-phase an-
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gle significantly influences the levels of conventional noise metrics and
psychoacoustic metrics.

The contribution of this study lies within the quantification of in-
stallation effects to both physical quantities, such as sound power, and
qualities, such as psychoacoustics, for axial low-speed fans with rotat-
ing rings, typically utilized in automotive cooling applications. This is
extended to the parallel installation of identical fans, which enables the
investigation of fan source superposition. To the author’s knowledge, no
studies have investigated the effects of inlet geometry on the psychoa-
coustics of axial flow fans under varying loading conditions. Previous
work concerning installation effects and linked to the authors [23,46,47]
did not consider sound quality. Additionally, installation effects were
investigated via downstream obstructions [46] or system’s boundary
condition [23]. This study builds upon the results presented by Vourakis
and Karlsson [47] by extending the number of loading conditions and
inlet geometries while inspecting sound quality.

The remainder of this paper is organized as follows. Section 2
presents the methods and theoretical basis comprising psychoacoustic
parameters, sound power estimation, and non-dimensional fan perfor-
mance parameters. Section 3 presents the experimental facility and mea-
surement setup, including information about the microphone grid, fan,
inlet geometries, and relevant measurement settings. Principal results
are included in Section 4, and main findings are summarized in Sec-
tion 5. Conclusions are presented in Section 6.

2. Methods and theoretical basis
2.1. Sound power

The determination of SWL (Sound poWer Level) for the fan systems
in this study has been performed according to ISO 3744 [48], since
the employed measurement facility (see Section 3.1) does not represent
an ideal hemi-anechoic room, as required by ISO 3745 [49]. To this
end, precision grade accuracy issued via methods of ISO 3745 [49] is
unattainable. However, employment of methods in accordance with ISO
3744 [48] has previously resulted [50] in SWL estimation of a bench-
mark low-pressure axial fan [51], with high repeatability and acceptable
reproducibility. It is also remarked that series of investigations [52] with
a monopole source, between the fan test rig facility and a semi-anechoic
room have been conducted. These allowed the estimation of deviations
from the inverse square law with a fixed reference according to [53].
Overall, the deviations were within the allowable ranges according to
ISO 3745 [49], excluding some 1/3 octave bands below 1 kHz.

As described in ISO 3744 [48], sound pressure over two measure-
ment surfaces was utilized to determine SWL. The two measurement
surfaces allow the estimation of an environmental correction factor K,
(in dB) in 1/3 octave bands. In mathematical terms:

— Ky
SWL=TL,+10log, (S—1> - K>, €h)
0

where L_p (in dB), in 1/3 octave band, corresponds to the spatial av-
erage of sound pressure over microphones at the closest measurement
surface, .5, (in m?) is a half sphere surface corresponding to the closest
measurement surface, and .S is a reference surface of 1 m2. The ref-
erence sound pressure is 20 pPa. The limited instances of background
noise within 6 dB of the fan systems’ SPL (see Section 3.2) motivated the
omission of a background noise correction (K,) in the previous equa-
tion.

2.2. Aerodynamic performance

The aerodynamic performance of fan systems is expressed with non-
dimensional coefficients for pressure rise y and volume flow rate ¢:
Ap,
=5 @
”7 pd?n?
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and
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respectively, in accordance to Carolus [54]. Here, Ap,, (in Pa) denotes
the total to static pressure difference, corresponding to the pressure dif-
ferential of the pressure chamber (cf. Fig. 1) from ambient conditions, d
(in m) stands for the fan diameter, p (in kg/m3) for the density, n (s™1)
for the rotational speed, and V (in m3/s) for the volumetric flow rate.
Fan efficiency () estimation is based on electric power consumption

since an incorporated electric motor drives the fan, and it is obtained
via

_ VAPm
7
where the electric current is designated with I (in Amperes) and voltage
with V' (in Volts). In the case of parallel fan operation, power consump-
tion from both fans is summed up.

4

2.3. Psychoacoustic parameters

The psychoacoustic metrics in this study are obtained via the open-
source SQAT (Sound Quality Analysis Toolbox) [55]. The SQAT provides
an efficient implementation of sound quality analysis of sound pressure
signals in MATLAB.! Before the SQAT analysis, the microphone record-
ings are pre-processed with a high-pass filter with a cut-on frequency of
60 Hz to minimize the influence of the acoustic environment and back-
ground noise (see Section 3.1) in calculating the metrics. The resulting
time series are then fed to the SQAT toolbox for analysis. Finally, the
statistical distributions of the metrics over the entire microphone array
are calculated to provide a glimpse of the spatial variability of each pa-
rameter. Further information about the relevant psychoacoustic metrics
used in this work and their implementation in SQAT is provided in Ap-
pendix A.

3. Experimental facility, settings and definitions
3.1. Measurement setup and equipment

Measurements were conducted at a Fan Test Rig facility [56]. The
facility operation resembles a plenum-to-plenum, closed loop, aerody-
namic facility. A schematic of the rig, including the most relevant com-
ponents, is shown in Fig. 1. The flow from the inlet duct navigates a
baffle room (5.2 X 3.3 X 3 m?) before exiting at the pressure chamber
(4.8%3.1x3m3) viaa perforated sheet. Given the total size of the room
from which the fan ingests air and the lack of an inlet flow conditioner,
large-scale inflow distortions [29] cannot be ruled out. However, pre-
liminary local velocity measurements [47] at ~ 0.13 d upstream of the
fan’s aerodynamic interface for the case of the shortest inlet duct config-
uration (inlet:A) and range of loading conditions, showcased symmetric
inlet flow conditions. Moreover, the corresponding mean turbulence
intensity (defined as in [30]) across the fan diameter was estimated
between ~ 6.1 and ~ 7.8 percent. Reported accuracy values [56] of
principal parameters are: +1.5% for volume flow rate, +3 Pa for static
differential pressure, +1 K for temperature in pressure chamber, +0.3%
for density and +0.03 rps for rotational speed.

It should be noted that compared to the work reported by Gull-
berg [56], the facility has been updated to accommodate acoustic mea-
surements by installing acoustic absorbent material at the pressure
chamber and the outlet chamber. This update has transformed the test
environments towards a semi-free field down to 150 Hz, under which
frequency the installed absorption is not effective anymore. Despite the
imposed acoustic environment effect, in the following (Section 4), sound

L https://github.com/ggrecow/SQAT.
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Fig. 1. Schematic of measurement facility.

Fig. 2. Instance of measurement setup as seen upstream from fan system. Des-
ignated center of the grid along with azimuth and elevation directions. Image
adjusted from [50].

pressure and power spectra are shown above 60 Hz since the first har-
monics corresponding to the fan rotational speed were clearly captured.
Naturally, acoustic propagation effects are anticipated in the estimated
psychoacoustic metrics since the microphone recordings are not pre-
processed between 60 and 150 Hz. However, measurements of the same
fan at different rotational speeds (3500-4500 rpm), omitted for brevity,
showcased scaling of the fan’s spectra between 60 and 150 Hz. Thereby,
the propagation effects issued similarly to all installations considered
here, do not constitute a limitation to the validity of observations made.

Acoustic measurements were performed with 1/4” free-field mi-
crophones type GRAS 40PH-10 distributed over two spherical surface
segments centered around the fan rotational center (respectively the
geometric center of the parallel fan system). The closest spherical sur-
face segment (radius at ~ 1 m) spanned over 120° azimuth (10°-step)
and 80° elevation (20°-step) and consisted of 65 microphones. The fur-
thest spherical surface segment (radius at ~ 1.5 m) spanned over 120°
azimuth (15°-step) and 60° elevation (20°-step) and consisted of 36 mi-
crophones. Fig. 2 demonstrates an instance from the measurement setup,
where the microphone grid, along with the center and axes, directions
are included. Flow-induced noise effects associated with the presence
of the microphone grid are minimal, due to the big contraction area ra-
tio between the cross-sectional area of the upstream chamber and fan’s
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Table 1

Principal fan parameters.
Parameter Value/Setting
Fan tip diameter (d) 315 mm
Hub diameter 150 mm

Fan blades 7 (unequal spacing)
Stator blades 12

Chord length (hub) 49 mm

Chord length (tip) 68 mm

Blade skew Forward

(i (ii) (iii) (iv)

ZJ i N ~J )

)
5
53 . I 833 .95.3] i3s3 |
flow d
- 7 i i stator rofor
ﬁ i blade  jade
inlet:A inlet:B inlet:C inlet:D

Fig. 3. (i)-(iv) Sketches of inlet configurations tested (not to scale). (v) Photo-
graph of the fan under study.

Table 2
Tested configurations for parallel fan system.

Fan spacing (acronym)  Inlet configuration

1.25 d (CLS) A B
1.5 d (MID) A,B,C, D
2d (FAR) A,B,C,D

inlet duct area. However, the same cannot be assumed for its acoustic
transparency, where scattering effects can be expected above 3 kHz due
to the frames.

The fan used in this study is a commercially available electrically
driven plastic axial rotating ring fan. A brushless electric motor is em-
bedded inside the hub. The principal fan parameters are disclosed in
Table 1, while an image of the fan is shown in Fig. 3. The fan rotational
speed was set to 68.3 s~

Four different inlet configurations were tested to investigate inlet
geometry effects, as depicted in Fig. 3. The main dimensions of the dif-
ferent configurations are presented in the same figure. The bell-mouth
profile was a quarter circle with a radius according to [57]. All inlet
shrouds were 3D-printed via laser sintering with polyamide PA12. The
investigation of clustering effects involved a variation in the distance
between the fans’ rotational centers of the parallel fan system. Three
different distances were tested, along with varying configurations of in-
let. The test combinations are given in Table 2. The shortest fan spacing
case (CLS) was only tested with two inlet configurations (A and B) due
to lack of space.

3.2. Acoustic measurement and data processing

Acoustic measurements of operating points were recorded at a sam-
pling frequency of 51.2 kHz for 32 s, utilizing a data acquisition system
Simcenter SCADAS Mobile. Data processing was handled in MATLAB
(version R2019b). The built-in function pwelch with 50% overlap,
Hanning window size of 2!¢ and power as spectrumtype was used
for estimating the power spectral density in Pa?/Hz. Then, assuming
the background noise is additive Gaussian, the normalized/relative er-
ror random error ¢, is the inverse square root of the number of data
segments [58,59]; which corresponds to 0.14 for the employed mea-
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surement settings. Subsequently, a +1.22 dB uncertainty level can be
estimated for 95% confidence intervals of a Gaussian distribution. The
built-in function high-pass was used to high-pass filter the recorded
signals for psychoacoustic analysis pre-processing (see Section 2.3). The
cut-on frequency was set at 60 Hz while the filter type and steepness
were set to finite impulse response and 0.85, respectively.

Background noise measurements were performed prior and between
fan noise measurements. The background noise spectra presented in fol-
lowing sections (Fig. 6 in Sec. 4.1.2) represent the maximum amplitude
contributions at each frequency from all the background noise measure-
ments. These revealed isolated instances of low-frequency contributions
(~ 100 Hz) within the suggested 15 dB limit by ISO 3744 [48]. The
low-frequency background noise is likely due to electromagnetic inter-
ference from engine testing conducted in labs within the same building
as the measurement facility, and is clearly distinguished from the fan’s
spectra. Specifically a tone at 100 Hz represents the only background
noise contribution within 6 dB from the fan’s spectra. This contribution
is only distinguished for operating conditions that correspond to single
fan installation and lowest sound generation levels (low loading con-
ditions). However, at low loading conditions and in the proximity of
100 Hz, fan spectra are characterized by high amplitude tones, in the
excess of 12 dB from the background noise tone at 100 Hz. Other iso-
lated background noise contributions below 100 Hz lie at least 10 dB
lower from the fan’s spectra. Thereby, these background noise contri-
butions are not expected to alter presented results, and thus no further
pre-processing was performed.

The pseudocodes of the implemented algorithms for estimation of
the acoustic performance and the psychoacoustic metrics are included
in Appendix B and Appendix C respectively.

4. Results

The results are summarized in two main parts: inlet geometry effects
and clustering effects. Each part contains results concerning aerodynam-
ics, acoustics, and psychoacoustics.

4.1. Inlet geometry effects

This sub-section summarizes the results of the inlet geometry effects
for the single-fan experimental setup, as described in Fig. 3.

4.1.1. Aerodynamics

The fan’s characteristics concerning different inlet configurations are
shown in Fig. 4. Overall, the employment of elongated inlet results in
marginally higher y values across the tested range of ¢. This difference
is more pronounced towards the end regions of the curves. Specifically,
in deep stall (¢ < 0.08), inlet:A experiences a clear drop in y, while
all other configurations exhibit more predictable behavior (v is ~ 10%
higher). Comparable differences in this region of an axial fan curve, re-
lated to the inlet duct contour, have also been observed by Maaloum
et al. [26], albeit a modification of the hub was also present, and the
tested fan lacked a rotating ring. Conducting flow measurements in the
vicinity of the fan’s AIP (Aerodynamic Interface Plane) could reveal the
extent to which the organization of the flow upstream affects the fan’s
performance. At the time of writing, obtained velocity profiles for in-
let:A [47] suggested symmetric flow profiles. Towards free-discharge
conditions (¢ over 0.17), the employment of bell-mouth increases no-
tably the maximum attainable volume flow. This can be attributed to the
intensification of the vena contracta phenomenon [60] at higher flow
rates, reducing the effective fan inlet area. The higher flow velocities
attained for the inlet cases with bell-mouth (inlet:C, D) can also hint
at different velocity profile shapes at the fan’s AIP. The magnitude of
these differences was less pronounced in a study by Canepa et al. [7],
where two inlet configurations similar to inlet:A and inlet:D were tested.
However, the blade design of the rotating ring fan and the bell-mouth
curvature were different, while no stator was present. The remainder of
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Fig. 4. Fan characteristics for different inlet geometries. (Left) Pressure rise over
volume flow rate. (Right) Efficiency over volume flow rate. Highlighted points
at different operation regions.

the characteristic curve ¢ € (0.1, 0.17) demonstrates minor discrepan-
cies among inlets:B, C, and D. This indicates that the potentially cleaner
flow provided by the bell-mouth inlet does not significantly improve
the aerodynamic performance of the fan from medium to low volume
flow rates. Still, elongation of the inlet (inlet:B, C, and D) achieves
consistently higher y values (~ 4%) compared to the shortest config-
uration (inlet:A). These discrepancies are on par with values measured
by Canepa et al. [7]. Concerning efficiency, the obtained curves point to
similar behavior for all inlet configurations, i.e., the highest efficiency
point is in phase among all configurations. Lastly, there is an indication
of better results for the configurations with bell-mouth, particularly at
high flow rates.

Following the above, three operating points are chosen (see Fig. 4),
representing the different operating regions along the fan characteris-
tics: stall, maximum efficiency, and high volume flow. These operating
points, listed in Table 3, are evaluated upon acoustic (SPL, SWL, and
directivity) and psychoacoustic metrics. Volume flow rate (¢) is set at
the same values for all inlet configurations. Table 3 shows that ¢ val-
ues are within 1% for operating points in the useful operating range
(TE and HV). At the same time, maximum discrepancies reach ~ 3%
for the operating point in the unstable stall region (OD). Corresponding
discrepancies among y values fall within the ranges shown in Fig. 4.
Naturally, pressure rise discrepancies at the same volume flow condi-
tions for tested inlet geometries must be noted as total acoustic power
scales with both parameters [54], i.e., volume flow rate and pressure
rise.

4.1.2. Acoustics

The SWL (Sound poWer Level) spectra of the tested inlet configu-
rations at considered operating points (see Table 3) are shown in Fig. 5.
The corresponding total values of SWL (SWL,,,) are also included. The
evolution of SWL,,, over increasing ¢ is negative for all inlet configu-
rations apart from inlet:B, which retains relatively stable values across
tested operating points. One can also note the similar acoustic perfor-
mance for the inlets with bell-mouth (inlet:C, D). These inlets exhibit a
steeper reduction of SWL,, as ¢ increases compared to inlet:A. Still,
the inclusion of the bell-mouth results in significantly higher SWL val-
ues for increased loading (OD and TE) compared to the straight duct
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Fig. 5. Sound power level SWL in 1/3 octave bands and total sound power level
SWL,, for different inlet configurations at three operating points. The spectra
span the frequency range of 63-10000 Hz.

inlets (inlet:A, B). It should be noted here that the pressure loading dif-
ferences between bell-mouth and straight duct inlets are not an explicit
basis for the observed SW'L,,, differences since no scaling relation [54]
can be approximated. The demonstrated sound attenuation over increas-
ing flow rate and/or decreasing loading (inlet:A, C, D), particularly at
low frequencies (below 2 kHz), is an observed behavior [5,7,39] for low-
speed axial fans with rotating rings. Overall, the SWL among different
inlet configurations exhibits maximum discrepancies at lower frequen-
cies, i.e., below 2.5 kHz. Above 2.5 kHz, the estimated SWL levels are
indifferent to inlet configuration as values fall within 1 dB. The corre-
sponding acoustic wavelengths are comparable to the lengths of inlets:B
and C. Considering this and the similar acoustic performance of bell-
mouth configurations, it can be inferred that sound propagation effects
related to the tested inlet configurations are minimal, as also suggested
in the literature for short (L < d) inlet ducts [54]. Consequently, the
modification of the inlet flow conditions due to imposed inlet geometries
and subsequent alteration of linked aeroacoustic sources can explain the
SWL discrepancies.

Fig. 6 shows the area-averaged SPL (Sound Pressure Level) over the
microphone grid at 1 m from the fan rotational center for the tested inlet
configurations and operation points. Looking at the spectra correspond-
ing to TE, high amplitude tones at first harmonics of the fan rotational
speed, including the first BPF (Blade Passing Frequency), are evident for
all configurations and especially for inlet:A, which showcases high am-
plitude harmonics until the seventh BPF. These tones can be attributed
to rotor-stator interaction [61,62] along with the ingestion of large-
scale inflow distortions [29,63]. Sub-harmonic narrow-band humps are
identified below the first and second BPF for all configurations. The
presence of leakage flow between the rotating ring and shroud and,
thereby, generation of backflow vortices, which are re-ingested by the
rotor, can potentially explain these humps [5-7,28]. It can be noted
that inlet:A demonstrates a differently shaped hump below the first BPF
(i.e., ~ 400 Hz) when compared to inlets:B, C, and D. Hump shape dis-
crepancies are also noted between the configuration with bell-mouth
(inlets:C, D) and the cylindrical ones (inlets:A, B) below the second BPF
(i.e., ~ 800 Hz). The discrepancies of the sub-harmonic humps among

Table 3

Tested inlet configurations and operating points for acoustic studies.
Operation point (acronym) ] W
Off-design (OD) 0.0829 0.0852 0.0855 0.0849  0.1655 0.1799 0.1771 0.1814
Top-efficiency (TE) 0.1122 0.1116 0.1121 0.1119 0.156 0.1622 0.1634 0.1643
High-volume (HV) 0.1707 0.1707 0.1699 0.1703 0.0489 0.0556 0.0636 0.0632
Inlet configuration A B C D A B C D
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Fig. 6. Area-averaged sound pressure levels at different operating points: (top)
OD, (middle) TE, and (bottom) HV, for different inlet configurations, inlets:A,
B, C, and D. BGN denotes the background noise level. The spectra span the
frequency range of 63-10000 Hz.

the tested inlet configurations could be linked to the mixing of the leak-
age flow with different main flow profiles [9,12].

A high-frequency hump at around 5-6 kHz is present for all inlet
configurations. This is possibly linked to a mechanism evoked by vortex
shedding at the trailing edge [64] and has also been observed at similar
test installations [65]. At a higher volume flow rate (HV), inlet:B exhibits
a higher SPL, in the range of 3 dB until around 1.5 kHz, compared to the
other configurations. In addition, the presence of a sub-harmonic hump
below the first BPF is evident for inlet:B, while it is significantly attenu-
ated for other configurations. The persistence of the first sub-harmonic
hump at high flow rates (HV) for the case of inlet:B, is not in line with
accordance to observations made for low-speed axial fans [6,39], where
subharmonic tonal noise decreases towards high flow rates. It should
be noted here that the emergence of the low-amplitude tone at 100 Hz
is linked to background noise as explained in Section 3.2. At higher
loading conditions (OD) the first sub-harmonic hump showcases high
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Fig. 7. Sound pressure levels over mic grid, 1 m upstream of the fan rotational
center. The spectra correspond to the first BPF at operating points: (top four) TE
and (bottom four) HV.

amplitudes for inlets:B, C and D. For the installations with bell-mouth
(inlets:C and D) these are comparable with the first BPF. On the contrary,
the first and second sub-harmonic humps are barely distinguishable for
the case of inlet:A, hinting towards different flow conditions. This is pos-
sibly associated with earlier onset stall of inlet:A when compared with
the other installations, as observed in Section 4.1.1.

Given the persistence of a high amplitude tone at the BPF for all
tested configurations and operating points, it is interesting to investigate
the imposed directivity over the measured space. The corresponding
wavelength of the first BPF is approximately 0.7 m, more than three
times the length of the longest inlet configuration (i.e., inlet:D), thereby
the radiated sound field is not expected to be significantly affected due
to different inlets [54]. Fig. 7 shows the SPL at the first BPF over the
microphone grid 1 m upstream of the fan rotational center for two op-
erating points. Operating point OD is not disclosed as being very similar
to TE. Overall, inlet:A exhibits the lowest SPL with its minima around
the center of the microphone grid for tested operating points. At TE, in-
let:C registers the highest SPL amplitudes, equally distributed towards
the floor and ceiling. Inlets:B and D register maxima towards the floor
for the same operating point. At HV, inlets:C and D perform similarly,
while inlet:B registers the highest SPL, with maxima being relatively
symmetric. The directivity towards higher-order harmonics indicated a
similar spatial distribution for all inlet configurations above 3 kHz, not
shown here for brevity.

4.1.3. Psychoacoustics

Figs. 8a through 8f show the statistics of the considered psychoa-
coustic metrics (Section 2.3) across the microphone array for the tested
operating points (cf. Table 3) and inlet geometries (cf. Fig. 3). Mean val-
ues are calculated from the microphone grid 1 m upstream of the fan
rotational center. Corresponding values from the microphone grid with
a 1.5 mradius demonstrated similar trends and are not disclosed here for
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brevity. Aside from inlet:B, the mean loudness values in Fig. 8a reduce
as loading decreases. This relationship has been observed in previous ax-
ial fan studies for different blade designs [35,36] along the operational
range of the fan’s characteristic curve. The dependence of loudness on
loading is in accordance with the dependence of SWL on loading, as seen
here and in previously mentioned studies. Consequently, the steeper
loudness reduction for inlets with bell-mouth than inlet:A is consistent.
Similarly, inlet:B exhibits an increase in loudness while traversing from
TE to HV.

The mean roughness values, displayed in Fig. 8b, show the same de-
pendencies to loading as loudness, albeit inlet:B shows the same values
irrespective of loading. It should be noted here that the herein estimated
values of roughness are an order of magnitude lower than data pub-
lished in other studies that concerned axial fans [34,36,39]. This can be
attributed to the fan design and the different models and settings imple-
mented for roughness estimation in previously mentioned studies.

The metric of fluctuation strength, shown in Fig. 8c, exhibits the low-
est amplitudes at TE for inlets:A, C, and D. Amplitudes increase towards
higher and lower loading. Inlet:B hints towards a reverse behavior, i.e.,
local maximum at TE. One can also comment on the persistence of out-
liers for this metric and specifically for inlet:D. Values are on par with
relevant studies [34,36,39].

As shown in Fig. 8d, tonality demonstrates negligible amplitude dif-
ferences between OD and TE across the tested inlet configurations. In-
lets:A and B, which do not feature bell-mouth, indicate an increase of
tonality towards free-discharge conditions. The values observed are typ-
ical for axial low-speed fans [34,39].

The sharpness values in Fig. 8e indicate a clear dependency on load-
ing as magnitude increases towards free-discharge conditions for all
tested inlets. This relationship has also been observed in low-speed axial
fans with various blade designs, albeit no rotating ring [35]. The inlet
cases with bell-mouth exhibit a steeper increase between TE and HV
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compared to inlets:A and B. Values estimated here are also on par with
relevant studies that concerned this metric [34-36,39].

The accumulated psychoacoustic annoyance (PA) based on the above
metrics is shown in Fig. 8f. Overall, PA is lower for inlet:A over the
tested operating points. Moreover, employment of a straight duct inlet,
irrespective of length, demonstrates substantially lower values of PA at
high loading compared to a bell-mouth inlet. Still, both configurations
with bell-mouth exhibit a reduction of PA for reduced loading.

To complement the analysis of the metrics in the frequency domain,
Fig. 9 shows the statistics of the specific loudness versus bark for the
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tested configurations and operating conditions. A dependency of the
maximum value’s location on operating conditions is evident for in-
lets:A, C, and D. Specifically, maxima appear at about 4 bark at high
loading (OD). In comparison, maxima appear at about 8§ and 15 bark
as loading decreases from TE to HV, respectively. The maximum values
of specific loudness at these higher bark values for rotating ring axial
fans have also been reported by Cattanei et al. [34]. In contrast, in-
let:B exhibits little dependence between maxima location and operating
condition as maxima are found at about 4 bark. This particularity of in-
let:B, i.e., maximum specific loudness below 10 bark, is potentially less
unpleasant according to Topken and Van de Par [66].

The specific loudness evolution in accordance with the frequency
axes exhibits a correlation with the corresponding SPL spectra (cf.
Fig. 6). In particular, sub-harmonic humps and first harmonics at high
loading (OD) carry substantial acoustic power below 500 Hz. At the
same time, their contribution reduces as the broadband high-frequency
content increases towards free-discharge (HV). Thereby, relevant noise
mechanisms are leakage flow, trailing edge noise, rotor-stator interac-
tion, and ingestion turbulence noise. The significance of these mecha-
nisms over different loading conditions can be linked to specific loudness
variations.

Furthermore, it can be observed that the employment of the bell-
mouth improves the specific loudness at higher loading (OD and TE). At
the same time, the tested configurations showcase similar values over
15 bark irrespective of loading condition. A substantial reduction of spa-
tial variability is observed for all inlet geometries and loading conditions
above 16 bark. This agrees with the earlier observations on sound direc-
tivity (cf. Fig. 7).

The average specific roughness for the tested configurations and op-
erating conditions are shown in Fig. 10. The spectra are presented above
1.5 bark to highlight loading and inlet geometry dependencies. A pre-
viously reported trend [40] of highest amplitudes below 12 bark is also
observed across the tested inlet configurations and operating points. The
inlets featuring bell-mouth demonstrate stronger dependencies to load-
ing conditions. Specifically, the amplitudes of the maxima increase as
loading increases. Overall, the highest specific roughness values are reg-
istered for high loading conditions (TE and OD) with inlet:D and towards
free-discharge (HV) with inlet:B.

Similarly to specific loudness, specific roughness amplitudes across
all tested configurations and operating points merge at about 15 bark
(or 2.5 kHz). A reduction of spatial variability across the microphone
grid is observed once again above 16 bark. In contrast, low-frequency
peaks near the first BPF showcase the largest spatial variability for all
inlets and loading conditions.

Finally, the estimated values of specific fluctuation strength show-
case marginal dependencies on the tested inlet configurations, and the
trends observed reflect results from previous studies [40]. Therefore,
graphs of this metric are omitted in this section.

4.2. Clustering effects

This sub-section summarizes the results of the clustering effects for
the parallel fan experimental setup.

4.2.1. Aerodynamics

Fig. 11 shows the characteristics of parallel fan systems for the dif-
ferent fan spacing (cf. Table 2) equipped with inlet:A. Being the latter
the shortest inlet configuration, the potential of flow interaction effects
between the parallel fans is highest. However, apart from marginal devi-
ations at the stall region, the system’s characteristics demonstrate good
overlap over the operational range. Thus, flow-interaction effects are
deemed insignificant regarding the system’s aerodynamic performance.
The insignificant flow interaction effects were further indicated by pre-
liminary measurements of inlet velocity profiles [47]. Parallel fan sys-
tems combined with longer inlet configurations showcased smaller devi-
ations over their characteristics, including stall region, and thereby are
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Fig. 10. Statistics of specific roughness versus bark across the microphone grid
1 m upstream of the fan rotational center for different inlet configurations. Top
to bottom: inlet:A, B, C, and D at different operating conditions. Shaded areas
represent +2¢ from the mean and are translated for clarity.

not disclosed for brevity. Moreover, the trends of aerodynamic perfor-
mance concerning different inlet configurations observed for the single
fan system (see Sec. 4.1.1), e.g., higher loading with bell-mouth, are also
observed for the parallel fan system. Lastly, the scaling of the fan’s char-
acteristics, i.e., doubling ¢ for the same y values, was consistent across
different inlets.

4.2.2. Acoustics

In a similar fashion to Section 4.1.2, three operating points rep-
resenting different operating regions are chosen to study the acoustic
performance (cf. Fig. 11). The volume flow rate of these operating points
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The spectra span the frequency range of 63-10000 Hz and concern inlet:A.

is set close to twice that of the single-fan case (cf. Table 3) to investigate
the scaling of the acoustic sources and reveal clustering effects. The op-
erating points for parallel fan systems equipped with inlet:A are given
in Table 4.

Fig. 12 shows the SWL for the parallel fan systems, different oper-
ating points, and fan spacing (see Table 4). Values corresponding to
combinations of systems with different inlet configurations exhibited
the same trends and are thus not disclosed. Overall results indicate a
consistent scaling of the captured sound sources since the case of inco-
herent fan sources (IDEAL) is approximately within 1 dB from parallel
fan systems of different spacing across the tested operating conditions.
The largest discrepancies are observed at low frequencies, as the acous-
tic wavelengths are comparable to the sound source’s dimensions, and
the assumption of source compactness is not valid. Besides, integration
of SPL for different fan spacing was performed over the geometric cen-
ter of the parallel fan system (Section 2) and not the acoustic center,
and the two tested fans are expected to showcase manufacturing/oper-
ational deviations.

4.2.3. Psychoacoustics

Similar to the previous section, the psychoacoustics metrics for the
parallel fan system are evaluated by comparing estimated values with
the corresponding two incoherent fan sources (IDEAL). Aside from fluc-
tuation strength, all metrics for measured parallel fan systems show-
cased consistent values with regard to the IDEAL case, irrespective of
spacing, inlet configuration, and operating point. Thereby, these graphs
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Table 4

Tested configurations and operating points to study the acoustic performance of the

parallel fan systems. Tabulated values correspond to inlet:A.

Operation point (acronym) ¢ 74
Off-design (OD) 0.1671 0.1677 0.1669 0.1689 0.1665 0.1684
Top-efficiency (TE) 02242 02254 02234  0.157 0.154 0.1558
High-volume (HV) 0.3405 0.3419  0.3408 0.0521 0.0485 0.0506
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on the level of the rotational speed difference. Examination of values
between CLS and IDEAL indicates significantly higher values of fluctu-
ation strength for the latter at high loading. Estimated values at TE are
of similar magnitude for both CLS and IDEAL, while values of IDEAL
are marginally higher towards free-discharge. Considering the above,
the fluctuation strength of two incoherent fan sources (IDEAL) is not
representative of the parallel fan system (CLS). Besides, the level of fluc-
tuation strength for CLS is comparable to the single fan case (see Fig. 8c),
indicating an absence of modulation effects. This is possibly attributed
to the fans’ rotational speed variation (~ 0.3%).

Moreover, the design trait of unequal blade spacing employed by
the tested fan is possibly affecting the attained fluctuation strength of
the parallel fan system. The anticipated spreading of sound energy from
fundamentals (i.e., first and second BPFs) to adjacent orders due to un-
equal blade spacing [67] has been observed at the spectra of the single
fan installation (see Fig. 6). Thus, the reduced sound energy of the fun-
damentals does not constitute a basis for significant gains in fluctuation
strength for a parallel fan installation. Then, the intentional 1% increase
of one of the fan rotational speeds (CLS*) resulted in higher fluctuation
strength, albeit only at low loading (HV). Consequently, there is no sig-
nificant emergence of modulation effects with the further increase of
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Fig. 14. Statistics of specific fluctuation strength versus bark across the micro-
phone grid 1 m upstream of the parallel fan system’s geometric center with
inlet:A. Top to bottom: CLS, CLS*, and IDEAL. Shaded areas represent +2¢ from
the mean and are translated for clarity.

rotational speed difference between the fans (i.e., from 0.3% to 1%).
It should be noted that the extended limits of value distribution at HV
for CLS* are presumably due to the spatial variation of the sound field
towards free-discharge.

The corresponding values of specific fluctuation strength versus fre-
quency are shown in Fig. 14. Similarly to the specific roughness, the
spectra are presented above 1.5 bark. High amplitude peaks at around
5 bark are evident for the parallel fan system across all operating points.
This is a trend observed in the single fan case (cf. Fig. 10) and has also
been previously observed [39,40]. The discrepancies among the cases
presented are mainly observed at these high amplitude peaks. Specifi-
cally at HV, the increase of rotational speed by 1% for one of the two
fans (CLS*) results in a significant amplitude increase compared to the
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IDEAL and/or same speed (i.e., within 0.3%) of the parallel fan sys-
tem (CLS). Beyond this frequency point, the curves are similar. This is
also the case for TE, where only marginal quantitative discrepancies can
be observed across all frequencies. For operation at OD, the rotational
speed increase has minimal effect since the curves corresponding to CLS
and CLS* are largely overlapping.

On the other hand, the superimposition of two incoherent fan sources
(IDEAL) registers significantly higher spectra from low frequencies ~
3 bark, up until ~ 16 bark. This is an overestimation as it assumes co-
herent instability (stall) of the two fans. The latter might be difficult to
realize, given the unpredictability of this region and sources of opera-
tional uncertainties (e.g., rotational speed). Nonetheless, fan operation
in unstable conditions is avoided in industrial applications. Finally, the
spatial variability across the microphone grid decreases substantially
above 11 bark across all inlet geometries, irrespective of loading condi-
tions.

5. Summary

This section provides an overview of the main findings from the stud-
ies on inlet geometry and clustering effects.

5.1. Inlet geometry effects

The elongation of inlet geometry irrespective of inlet type, i.e., bell-
mouth (inlet:C and D) or straight duct (inlet:B), provides marginal per-
formance improvement across the fan’s characteristics. This translates
into a more stable operation onset stall since instances of pressure drop
are avoided. Performance improvement for longer inlet geometry is
traced to the suppression of vena contracta effects and improved flow
conditions at the fan’s AIP regarding bell-mouth configurations.

The interplay between acoustic performance and inlet configuration
demonstrates three distinctive trends. First, the employment of the bell-
mouth results in the highest overall SWL towards high-loading condi-
tions, albeit the steepest reduction of amplitudes towards free-discharge
conditions. This demonstrates a trade-off between aerodynamic and
acoustic performance. Second, the elongated straight inlet duct (inlet:B)
showcases a weak coupling between SWL and loading conditions. Lastly,
the shortest inlet (A) marked the best acoustic performance overall, par-
ticularly at high loading.

Concerning the sound characteristics, instances of the SPL showcase
qualitative similarities (e.g., tones and broadband humps) for different
inlet geometries, particularly for higher loading. A quantitative agree-
ment was observed at broadband high-frequency spectra (> 2.5 kHz)
irrespective of loading and inlet geometry. The imposed directivity up-
stream of the fan at the first BPF indicates a synergy with the inlet ge-
ometry. Specifically, the shortest inlet (A) demonstrates a low-amplitude
zone around the fan rotational center, persisting over tested loading con-
ditions. The elongated geometries exhibit less symmetry and variation
with loading conditions.

The estimated mean values of loudness and roughness showcase sim-
ilar dependencies to loading conditions as the total SWL for the tested
inlet geometries. The steepest reduction of loudness and roughness with
decreased loading is registered for bell-mouth geometries (inlets:C and
D). Sharpness exhibits the same trend for all inlet geometries, i.e.,
increased mean values as with reduced loading, although bell-mouth
geometries register the steepest transitions. Tonality and fluctuation
strength demonstrate synergies to operating conditions only for the
shortest inlet geometry (inlet:A). Finally, the overall perceived PA is
favorable for straight duct inlet geometries (inlet:A and B) towards high
loading.

The instances of specific loudness reveal a transition of maxima to-
wards higher frequencies as loading decreases for configurations with
bell-mouth (inlet:C and D) and the shortest inlet (inlet:A). On the con-
trary, the elongated straight duct (inlet:B) demonstrates weak synergy
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to loading. Concerning the specific roughness, a trend of increasing max-
ima as loading increases has been observed for inlets with bell-mouths
(C and D). At the same time, the remaining values demonstrate a weak
synergy to loading. Both specific loudness and roughness showcase a
quantitative agreement across inlet geometries above around 2.5 kHz.
The estimated specific fluctuation strength, not reported for the sake of
brevity in this paper, demonstrates the same trends for the tested inlet
geometries and loading conditions, already observed in previous stud-
ies [40].

5.2. Clustering effects

Overall, the parallel fan system’s characteristics are insensitive to the
tested fan spacings irrespective of inlet geometry. In particular, there is
a good agreement between the SWL spectra scaling in accordance with
the spectra of two incoherent fan sources for the tested operating condi-
tions and inlet geometries. Moreover, there is a good agreement between
the parallel fan system and the two incoherent fan sources regarding
the mean values of the psychoacoustic metrics, except for fluctuation
strength. Finally, it has been observed that the fluctuation strength is
insensitive to the rotational speed differences between 0.3% and 1% at
high loading (OD and TE) for the parallel fan system. On the contrary,
maxima of specific fluctuation strength increased as the speed difference
approached 1% towards free-discharge conditions (HV).

6. Conclusions

An experimental case study of installation effects on the aeroacous-
tics and psychoacoustics of an axial fan has been performed. Installation
effects have been imposed by employing different inlet geometries, in-
cluding bell-mouth and straight ducts. Moreover, a parallel fan system
has been tested to expose acoustic interference and flow interaction ef-
fects.

The results herein expand the knowledge of synergies between inlet
geometries and the aerodynamic, acoustic, and psychoacoustic perfor-
mance of axial fans with rotating rings. These synergies demonstrate
trade-offs over different performance metrics and are significant for
loading conditions. Moreover, the validity of incoherent sound sources
to predict acoustic and psychoacoustic metrics for a parallel fan system
is exemplified.

Naturally, these results do not prescribe a universal description of
axial fans under the investigated installation effects, as they are drawn
from a case study. A more holistic view of axial fan operations under
installation effects should further consider aspects such as the rotating
ring, the stator, the blade spacing, and the blade shape. Concurrently,
detailed flow measurements on selected cases can verify the presence
and/or significance of noise source mechanisms related to inlet flow
conditions.
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Appendix A. Psychoacoustic metrics

The relevant psychoacoustic metrics in this work and their imple-
mentation in SQAT are described as follows.

+ Loudness measures the sound strength a listener perceives under
given conditions. The SQAT toolbox calculates instantaneous and
specific (time-averaged) loudness according to ISO 532-1 [68], us-
ing the Zwicker method for time-varying signals. First, each mi-
crophone time series is filtered and smoothened into 1/3 octave
band levels. After that, weighting factors are applied to the fre-
quency bands according to the equal loudness contours, and the
resulting loudness is calculated at each critical band. Lastly, a tem-
poral weighting stage is applied since the signals are time-variant.
Roughness measures the perceived quick variations of the sound
amplitude. The SQAT calculates the instantaneous and specific
roughness according to the roughness model proposed by Daniel
and Weber [69]. Firstly, each microphone recording is time-
windowed with a Blackman window and passed through a trape-
zoidal critical-band filter bank, yielding an excitation spectrum
from equally spaced parts of the inner-ear basilar membrane. Sec-
ondly, a generalized modulation depth is obtained by normalizing
the root-mean-square value of the excitation spectrum with its
zero-frequency value. Lastly, the modulation depths are squared,
weighted, and summed to yield the specific (time-averaged) rough-
ness.

Tonality is a measure of the perceived quality of a tone relative
to the total sound. The SQAT calculates the tonality based on Au-
res’ model [70] in the frequency range between 20 Hz and 5 kHz,
where most aurally relevant information is found [71]. The tonal
components are computed by finding the peaks in the sound pres-
sure level spectrum of the microphone recording and estimating
their bandwidth using a half-power (-3 dB) criterion. Next, a tonal
loudness weighting factor is computed using the loudness of the
filtered and original signals (according to Zwicker’s method [68]).
Lastly, a tonal weighting factor is calculated as a function of the
tone’s center frequency, bandwidth, and aural relevance. These two
weighting factors are then used to calculate the tonality, calibrated
to 1 tonal unit for a 1 kHz tone of 60 dBSPL.

Fluctuation strength measures the perceived temporal fluctua-
tions in a sound’s amplitude and/or frequency content. The SQAT
calculates the fluctuation strength in vacil following the model
by Osses Vecchi et al. [72]. Similarly to the roughness calcula-
tion, the audio signal is first processed with a critical-band filter
bank, from which generalized modulation depths and normalized
cross-covariance between the bands are computed. Lastly, the fluc-
tuation strength follows by summing the specific strengths of each
critical band.

Sharpness is the measure of the perceived high-frequency content
of a sound. The SQAT calculates the sharpness in acum according to
the DIN 45692 [73], given by the ratio between the high-frequency
signal content and the total signal content. One acum corresponds
to a narrow-band component centered at 1 kHz with 60 dBSPL. The
computation uses the loudness according to Zwicker’s method [68].
Psychoacoustic Annoyance (PA) based on Zwicker’s model [74], is a
parameter that expresses a combined annoyance of sounds based on
metrics: loudness, sharpness, roughness, and fluctuation strength.
PA is mainly influenced by loudness and sharpness values. Esti-
mated values of PA provide a relative indicator of overall perceived
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annoyance without conducting listening tests. In this work, a PA
model proposed by Di et al. [75] was implemented in SQAT. The
utilized model also accounts for tonality in the estimation of PA.

Appendix B. Acoustic performance algorithm

The matrix M(t) contains the raw data measured by the microphones
for a single fan operating point (¢, y). The outputs of the algorithm
include, spatial average of SPL (SPL,,,), the SWL in 1/3 octave bands
(SWL) and the total SWL (SWL;).

Algorithm 1 [SPLavg,SWL, SWL,,;] = acoustic_performance(M(t)).

: Compute PSD of M(t) via pwelch

: Calculate SPL,,, at radii 1 mand 1.5 m

: Convert SPL in 1/3 octave bands

: Compute spatial average of 1/3 octave band SPL at radii 1 m and 1.5 m
: Compute K,

: Calculate SWL via Eq. (1)

: Compute SWL,

N U A W=

In the fifth line of the algorithm, K, is estimated from the 1/3 octave
band SPL at radii 1 m and 1.5 m according to ISO 3744 [48].

Appendix C. Psychoacoustic metrics algorithm

The matrix M(t) contains the raw data measured by the microphones
for a single fan operating point (¢, y). The outputs of the algorithm
include statistics of Loudness (L), Roughness (R), Sharpness(S), Fluctu-
ation Strength (FS), Annoyance (A), specific Loudness (Lspc), specific
Fluctuation Strength (FSg,.) and specific Roughness (Rgp).

spc

Algorithm 2 [L,R,S,FS,A,L,
ries(M(t)).

1: Apply high-pass filter at M(t) via high-pass

2: Compute psychoacoustic metrics via SQAT

3: Calculate statistics of psychoacoustic metrics at radii 1 m and 1.5 m

spe> FSspes Repe] = psychoacoustic_met-

Data availability
Data will be made available on request.
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