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Abstract: Acoustic measurements of sources in non-ideal acoustic environments, often the case in industrial product develop-
ment, issue challenges in source characterization. This study investigates the room-acoustical effects of a bespoke fan test facil-
ity on aeroacoustic source characterization via a second-order scheme of spherical harmonics of the half-space. An
experimental test of a compact monopole-like sound source reveals the influence of the room’s transfer function at low fre-
quencies. Applying the scheme to a benchmark case of a low-pressure axial fan at different loading conditions showcases a

satisfactory estimation of sound power and directivity. © 2025 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Aeroacoustic measurements necessitate low background noise and minimal influence of the room’s reflections for high
accuracy. The current landscape of wind tunnel facilities capable of such measurements can be broadly divided based on
their test section. Open-jet sections allow the acoustic treatment of surrounding boundaries, placement of microphones
outside the main flow, and low levels of background noise; thus, they have been utilized for a multitude of experimental
studies, including airfoils (Botero-Bolivar et al., 2024; Bowen et al., 2022), rotors (Torija et al, 2022; Chen et al., 2020),
and propellers (Torija et al., 2021; Turhan et al, 2024). Close-test sections favor better flow control and validation with
numerical models (Merino-Martinez et al, 2019; Niu et al., 2022), while the absence of a shear layer enables accurate
acoustic source localization. However, microphones can be exposed to flow-induced self-noise and source-unrelated sound
waves, which can propagate to the test section due to hard walls. Consequently, the source characterization process deteri-
orates with the influence of coherent reflections and uncorrelated background noise. These issues can be minimized by
modifying the test section (Defreitas and Alexander, 2023) and/or by using array processing techniques (Koop and
Ehrenfried, 2008).

The sound field of a variety of aeroacoustic sources can be described via spherical harmonic decomposition
(SHD). Recently, subsonic jet noise was characterized via spherical harmonics (Dreier ef al., 2023). The approach show-
cased a higher signal-to-noise ratio for the corresponding numerical resolution limit compared to previous studies and
indicated the microphone number requirement towards a fully resolved sound field. The sound fields of canonical rotating
aeroacoustic sources, namely, monopoles (Poletti and Teal, 2011), dipoles (Mao et al., 2012), and quadrupoles (Mao et al.,
2014) have also been extensively studied and validated numerically. Furthermore, SHD has been utilized in beamforming
methods concerning directional sources (Bouchard et al, 2011) and rotating sound sources in the frequency domain
(Ocker and Pannert, 2017) or in the time domain (Ma ef al., 2023). A case study on drone noise (Alkmim ef al., 2022)
was based on an SHD of hemispherical microphone array data measured at a hemi-anechoic chamber. The SHD of the
drone’s acoustic near-field allowed the study of the directivity and psychoacoustics of the acoustic far field. Despite the
lack of a complete aeroacoustic characterization, the effect of the floor’s reflections was minimized by installing foam
material.
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This study aims to achieve two goals. First, it aims to identify room-acoustical effects, including the floor’s reflec-
tions, for a fan test facility (FTF) based on a second-order SHD of the far-field sound pressure radiated by a reference
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monopole source. It should be noted here that the implemented SHD concerns a half-space. Second, it aims to evaluate
the use of the SHD to characterize the sound field of a low-speed axial fan in terms of its directivity and sound power.

2. Methodology
2.1 Acoustic monopole on a rigid half-space

Let us consider a point monopole source radiating in a free field over a reflecting surface. Using the image source principle
(Allen and Berkley, 1979) the total sound pressure field in Pa at a given observation point r = (x,y,z) and angular
frequency o is

; —jk[r—ro| —jklr—r5)|
plr,w) = 2% (e +2 ) (1)

4n [r—ro|  |r—ry

where k = w/c in rad/m is the acoustic wavenumber, p is the air density in kg/m?, j is the imaginary unit, c is the speed
of sound in m/s for ambient conditions, ¥y = (xo, yo, 2o) are the point source coordinates, r, = (xo, yo, —2o) are the image
source coordinates, and Qp is the point source’s strength in m®/s. The assumed time dependence is e/, omitted
throughout.

2.2 SHD

The sound pressure field in Eq. (1) is expanded in spherical harmonics basis functions. Only half-space is considered due
to the boundary conditions imposed at the acoustic environments tested in this Letter. Then, according to Zotter et al.
(2007), it is possible to use only the even spherical harmonics Y2 as basis functions for decomposition, which include
the zeroth order term, corresponding to an acoustic monopole in a free field.

The complex-valued spherical harmonics Y)"'(0, ¢) of order n and degree m are defined as (Williams, 1999)

(2n+1)(n— |m|)!

Y0, ¢) = Pl" (cos 0)e™?, @)

4n(n +[ml)! =
where P} are the associated Legendre functions, 0 is the zenith angle, and ¢ is the azimuth angle. Then, the SHD of the %
sound pressure at a certain radius r is written as (Williams, 1999) §
o
o0 n f‘
o)
plkr0,0) =3 3 ¥,'(0,9) Y (kr), 3) i
n=0 m=—n

where ,,, is the n-th order spherical harmonic coefficient of degree m, and for the even harmonics, with m = 2I — n,
I[=0,...,n, it is regarded to be non-zero.

In a measurement scenario, the sound pressure is measured at a discrete set of M locations (6;. ¢;) distributed
over the surface of a hemisphere, and the infinite summation in Eq. (3) is truncated at order N, leading to a set of linear
equations given by

p=YY, 4

where p € C™ is a vector of acoustic pressure at measurement points (M), Y is the M x [(N 4 1)(N + 2)/2] matrix of
even spherical harmonics at the corresponding measurement positions (M), and ¥ € C[(N + 1)(N + 2)/2] is the vector of
the corresponding spherical harmonic coefficients. The matrix Y is evaluated utilizing the watiae Spherical Harmonic
Transform Library (Politis, 2016). Then, the overdetermined system is solved for ¥ using a least squares approach.

For the benchmark case defined in Eq. (1), the analytic expression for v,,,(kr), containing both the monopole
(Zotter, 2009) and its image, is also considered:

Vo (kr) = —jk ) (kr) [ (kro) Y7 (B0, o) + jin (k) Y7 (0, 60)] ®)

where 1) is the spherical Hankel function of the second kind, while (ro, 0y, ¢y) and (), 0, ¢;,) are the spherical coordi-
nates of the source and image source, respectively. An order limit of 40 was deemed sufficient for convergence.

Subsequently, the isotropy of the sound field is assessed as an indicator of room-acoustical effects. The isotropy
is estimated at each frequency (f) using the decomposed [Eq. (4)] and analytically derived [Eq. (5)] harmonic coefficients
according to the approach in Nolan ef al. (2020) omitting the time-harmonic dependence,

l(f) =— |lf()0(f)| )
Z Z |l//mn(f)|

n=0 m=—n

(6)
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2.3 Sound power level (SWL) estimates

The SWL from measurements at the FTF is first estimated according to ISO 3744 (ISO, 2010). Since the facility does not
fulfill hemi-anechoic conditions, an environment correction (K) has to be accounted for. According to ISO 3744 (ISO,
2010), K, can be estimated using an absolute comparison test with a reference sound source (A.2). However, the spectrum
of the noise source and the reference sound source must be similar, posing a substantial limiting factor for complex aeroa-
coustic sources like axial fans (Neise and Michel, 1994). Alternatively, three methods based on room absorption (A.3) can
also be used (ISO 3744; 1SO, 2010): the reverberation method (A.3.2), the two-surface method (A.3.3), and a direct
method via a reference sound source (A.3.4).

In this Letter, the reverberation method is used for estimating SWL despite the FTF’s dimensions not conform-
ing entirely to the recommended dimensions by ISO 3744 (ISO, 2010). The method estimates the equivalent sound
absorption area via Sabine’s reverberation time,

S
K2 = 1010g10 <1 + 42)7 (7)

where A is the room’s equivalent sound absorption area in m” calculated by the Sabine reverberation time equation and S
is the measurement surface in m? of a hemisphere as defined by ISO 3744 (ISO, 2010). The FTF’s reverberation time was
measured according to ISO 3382-2 (ISO, 2008). Then, the estimation of SWL follows:

- S
SWLrev = Lp + lOlOgIO (S_()) - Kz, (8)

where L, in dB, corresponds to the spatial average of sound pressure over microphones at the measurement surface, and
Sp is a reference surface of 1 m*. The reference sound pressure is 20 z(Pa.

An alternative method to estimate the SWL based on SHD is also assessed. This is a composite SWL estimator
(Pomberger et al., 2016), which combines a far-field estimate as suggested by ISO 3745 (ISO, 2012) and a near-field esti-
mate based on SHD. An adjusted expression from Pomberger et al. (2016) is given in Eq. (9),

SWL 101og,, [ min | — zmzi\p 2, L 3 ol )
comp — 1 P il oy 5 . 5 5
P 810 2pc M 4 2pc o k2|h512)(kr)|2

where p; is the sound pressure in Pa at a measurement point. It is noted here that the first term inside the min operator
of Eq. (9) assumes hemi-anechoic conditions.

§S:/¥'90 §20¢ 8unr y¢

2.4 Experimental setup

The FTF investigated in this study is an aerodynamic, plenum-to-plenum, closed-loop type. The test object (monopole
source and/or fan) is installed at the interface dividing the two plenums. Measurements are conducted at the plenum
upstream of the test object (pressure chamber).
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Fig. 1. Experimental setups of measurements at (a) FTF and (b) hemi-anechoic room. (c) Microphones and volume source positions in zenith-
azimuth space. (d)—(f) Photographs of the FTF for different absorption material installations: (d) default, (e) floor, and (f) back wall absorption.
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Fig. 2. (a) Isotropy of volume source (measured) and point monopole (theoretical), for hemi-anechoic and FTF microphone grid. (b) Isotropy
of volume source for different absorption material installations at FTF.

The interface consists of a rectangular 1.2 x 1.3 m* plywood slab with 20 mm thickness over a concrete wall
interface [see Figs. 1(a) and 1(d)]. The pressure chamber (4.8 x 3.1 x 3 m?) features side walls with acoustic absorbent
material behind a perforated metal sheet and an acoustically hard floor [see Fig. 1(d)]. Part of the measurements featured
an extra layer of acoustic absorbent 200 mm thickness at the entry wall of the pressure chamber [see Fig. 1(e)] or the floor
[see Fig. 1(f)]. According to the manufacturer, the utilized absorbent materials are described by a sound absorption coeffi-
cient of ~0.8 at 200 Hz and ~0.9 at 1000 Hz. Further information about the FTF can be found in Vourakis and Karlsson
(2022). A hemi-anechoic room (4.7 x 7.5 x 8.4 m’) with an acoustically hard floor is also utilized for part of the measure-
ments [see Fig. 1(b)].

The sound source utilized in both acoustic environments (hemi-anechoic and FTF) is the Simcenter Qsources
mid/high-frequency volume source. This source represents an acoustic monopole with omnidirectional characteristics.
According to the manufacturer, the suggested frequency range for operating the source is 200-10000 Hz. The sampling
frequency is set at 51.2 kHz, while all signals are acquired via the data acquisition system Simcenter SCADAS Mobile. The
excitation signal is white noise, and the acquisition time is set to 30s. The recorded time signals are processed with the
vareas built-in function pwelch, using 50% overlap, and a Hanning window size of 216 samples. Further processing,
according to Sec. 2, is performed for narrow-band and 1/3 octave band spectra.

Acoustic measurements of a low-pressure axial fan rotating at 1450 rpm are conducted at the FIF and compared
to a publicly available dataset (Zenger ef al., 2016). More information about the measurement setup at the FTF is available
from Vourakis and Karlsson (2022), while fan design parameters along with the measurement setup of the publicly avail-
able dataset can be found at Zenger et al. (2016).

Measurements at the hemi-anechoic room are recorded via 19 half-inch free-field microphones (Briiel & Kjaer
type 4189; Briiel & Kjaer, Naerum, Denmark) positioned over the surface of a half sphere of 1 m radius. Positions are cho-
sen according to ISO 3745 (ISO, 2012). Measurements at the FTF are recorded via 65 quarter-inch free-field microphones
(G.RAS. type 40PH, GRAS, Holte, Denmark), installed over a spherical surface segment of the same radius. Figure 1
shows the different measurement setups in both acoustic environments and the microphone grids superimposed in zenith-
azimuth space.

§S:/¥'90 §20¢ 8unr y¢

3. Results
3.1 Comparison between theoretical monopole and measured volume source

Figure 2(a) shows the isotropy metric i(f) for the two acoustic environments as calculated for a theoretical point mono-
pole source and the measured volume source over the corresponding microphone grids. Additionally, the isotropy curve
corresponding to the analytic solution [see Eq. (5)] for an order limit of 40 is overlaid. Figure 2(b) depicts 1(f) for the vol-
ume source in the FTF over different absorption material installations. These results are estimated from the spectra in 1/3
octave bands to facilitate easier comprehension.

An aspect that affects the shape of the isotropy curve is the distance between the source and image source [see
Eq. (1)]. Herein, the distance between the acoustic centers of the point source and the image source is set to 3 cm, follow-
ing the manufacturer’s information about the acoustic center of the utilized volume source. Increments in the distance
result in the shift of the curve’s first trough towards lower frequencies. This effect is more significant for the isotropy
curves concerning the measurements since the utilized volume source is not a perfectly compact sound source, and the
definition of its acoustic center is ambiguous. Nonetheless, the isotropy curve calculated from the measurements at the
hemi-anechoic room demonstrates good qualitative agreement with the simulated point monopole, while amplitudes are
comparable. On the contrary, the isotropy curve obtained from the measurements in the FTF reveals significant discrepan-
cies compared to the simulated point monopole. The room-acoustical effects mainly impose these discrepancies, particu-
larly at low frequencies. Moreover, the position uncertainty of the volume source’s acoustic center is nontrivial due to the

JASA Express Lett. 5 (5), 052802 (2025) 5,052802-4
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Fig. 3. (a) SWL of low-pressure axial fan with different estimators. (b) Sum of harmonic coefficients per order. (c) and (d) Sound pressure
level directivity maps at (c) first and (d) second BPF and the design point.

presence of a plywood slab as the principal reflective surface, compared to the acoustically hard floor of the hemi-anechoic
room.

The isotropy curve of the point monopole for the hemi-anechoic grid matches the curve of the analytic solution
until ~6.3 kHz. It can be assumed that existing interference patterns between the source and image source at high fre-
quencies are not captured by a second-order limited scheme. Regardless, the occurrence of spatial aliasing (contamination
by higher-order harmonics) is anticipated at these frequencies. The deviation between the point monopole cases of the
FTF and hemi-anechoic grid can be attributed to the limited spatial range of the former. Additionally, the points of the
FTF grid do not correspond to equal surface areas.

The effect of different absorption material installations in the FTF [see Figs. 1(e) and 1(f)] is demonstrated via
the isotropy curves in Fig. 2(b). The effect of back wall installation is minimal since marginal discrepancies are observed
compared to the default room case. On the contrary, the floor installation case features significant increments of isotropy
at ~400 Hz, across 550-1000 Hz and at ~1800 Hz. These increments hint towards attenuating acoustic reflections at low
frequencies, thereby minimizing room-acoustical effects. The isotropy levels of the same case across other frequencies are
comparable to the default case.

It is remarked that deviations from the inverse square law for the FTF, not included here for brevity, violated
allowable limits of a hemi-free field (ISO 3745; 1SO, 2012), in certain 1/3 octave bands below 1kHz. These deviations are
considered to be in line with the observations made in agreement with the isotropy coefficient metric utilized in this
study.

§S:/¥'90 §20¢ 8unr y¢

3.2 Application to a low-pressure axial fan

The estimated SWL of the low-pressure axial fan based on the considered estimators (see Sec. 2.3), at its design volumetric
flow (VE) of 1.4m>/s and total-to-static pressure difference (PD) of 126.5 Pa, is presented in Fig. 3(a). Note that herein
measurements correspond to the default FTF [see Fig. 1(d)], while the spectra are presented until 2.5kHz due to increased
noise contribution from the fan’s driving axle (mainly bearings), as observed from the rotating axle’s spectra
(SWL;otating axte) Without the fan. The benchmark SWL from Zenger ef al. (2016), measured in an anechoic chamber and
estimated according to ISO 3744 (2010), is also included. The herein estimators exhibit marginal differences across the
evaluated frequency range (200-10000Hz), which can be linked to the perceived measurement surface [see Eq. (9)].
Considering the near-field amplitudes included in the composite estimator, marginal improvement was observed compared
to the benchmark data. Disregarding the instances of axle noise, discrepancies between FTF (both estimators) and bench-
mark data are mainly observed at low frequencies (230-330 Hz). This can be attributed to installation and geometry devia-
tions of the fan and inlet shroud used in this study compared to the original shroud-fan system, along with different inlet
flow conditions. Moreover, the inherent room-acoustical effects across low frequencies at the FTF, as observed in Sec. 3.1,
may have a compounding effect.

The contribution of harmonic coefficients per order, concerning the near-field term based on SHD of the com-
posite SWL estimator [see Eq. (9)], is shown in Fig. 3(b). Note that the sum of harmonic coefficients per order is non-
dimensionalized with regard to the order-frequency combination of maximum amplitude. Overall, the evaluated orders
exhibit qualitative similarity. The sum of the second-order term coefficients is comparable to that of the zeroth order until
500 Hz and around 1kHz, while the sum of the first-order term coefficients is notably smaller. The significance of the

JASA Express Lett. 5 (5), 052802 (2025) 5,052802-5
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Fig. 4. (a) SWL of low-pressure axial fan based on different methods. (b) Reconstructed and measured SPL in polar coordinates for the first
BPF at different loading conditions.

first-order terms at the first blade passing frequency (BPF) is higher than that of the second-order terms, which is consis-
tent with the prevalence of rotating dipoles (i.e., first-order harmonic terms) at frequencies that are integer multiples of
the fan’s rotational speed. However, the contribution of the second-order terms at the second BPF is substantially higher
than that of the first-order terms.

Figures 3(c) and 3(d) show the directivity maps at the first and second BPF obtained from reconstructing the
sound pressure field over the half-space based on the estimated matrix of the spherical harmonics [see Eq. (4)]. The recon-
struction is performed with a step of 5° over azimuth and zenith, while the sound pressure level (SPL) measured at the
FTF grid is also overlaid. Overall, the reconstruction over the half-space retains the measured directivity pattern of the two
BPFs despite the abrupt SPL changes measured across small angles.

The applicability of the SHD for the tested fan is further presented over different loading conditions. It should
be noted that the benchmark study (Zenger et al., 2016) does not contain time series data from other loading conditions.
Thus, only results from the FTF are regarded here. Two operating points of higher (VF = 0.8 m>/s and PD = 141 Pa) and
lower (VF =2 m>/s and PD = 5Pa) loading are considered. The former represents unsteady (stall) conditions, while the
latter free discharge. The estimated SWLyy, of these operating points, according to Eq. (9), is shown in Fig. 4(a). The cor-
responding SWL,,, implementing Eq. (8) is also overlaid. Marginal differences are observed between the SWL spectra of
the two methods across the frequency range presented for both operating scenarios. Finally, the reconstructed and mea-
sured SPL in polar coordinates for the first BPF at specific azimuth and zenith angles is presented in Fig. 4(b). The
reconstructed SPL (gray and light blue curves) at the first BPF demonstrates good agreement compared to the discrete
measurements (black dots and blue squares). Overall, these results highlight the effectiveness of the SHD for the half-space
despite the imposed second-order limit and the presence of room-acoustical effects.

§S:/¥'90 §20¢ 8unr y¢

4. Summary

Aeroacoustic sources are characterized in a FTF via a SHD scheme of the half-space, second-order limited. Initially, the
sound field of a monopole-like source is measured at a hemi-anechoic room and the FTF with different absorption mate-
rial installations. The analysis of the source’s isotropy levels indicates room-acoustical effects below ~1 kHz at the FTF.
Furthermore, the SHD scheme is utilized for characterizing a low-pressure axial fan at the FTF. The sound power and the
directivity of the fan, under different loading conditions, are estimated effectively over the frequency range 200-2500 Hz.
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