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In this paper, the gap effects on the aerodynamics and tonal noise generation of voluteless cen-
trifugal fans are studied based on different gap geometries. The study is motivated by the state of
the art of this type of fan, for which the tonal noise generation due to the gap turbulence has not
been addressed concerning the gap geometry, while a recent study reported that there is tonal
noise at the blade passing frequency (BPF) from the gap turbulence. We simulate the configu-
rations using a hybrid method coupling the improved delayed detached eddy simulation (IDDES)
with Formulation 1A of Farassat. Our simulation shows regions with high vorticity magnitudes in
the channel between two blades near the trailing edges close to the shroud. The turbulence
renders a uniform pressure rise. By changing the gap design, the turbulent regions can be reduced.
The configurations show a similar trend of the root mean square (RMS) pressure on the blade
leading edge (BLE), largest at the shroud, and decays when the distance to the gap increases. The
gap designs affect the amplitude of the RMS pressure, which is connected to the BPF. Spectral
analysis is performed for the surface pressure fluctuations and the sound pressure upstream of the
fan. The surface pressure fluctuations show that, for all cases, the regions with high energy are
identical to the locations where the gap turbulence evolves and accounts for the impingement on
the BLE. The amplitude of the tonal noise at the BPF differs between the cases.

1. Introduction

Today most people spend the majority of their time indoors. The indoor environmental quality (IEQ) has become more and more
important. When considering IEQ we usually think about temperature, CO3 level, and humidity. However, it has been established that
noise pollution is also an important factor affecting IEQ [1,2], because the noise is harmful to human’s health not only by directly
causing loss of hearing and tinnitus but also by indirectly producing annoyance, sleep disturbance, and stress [3,4].

The structure of modern buildings is good at reducing external noise from traffic, and significant improvements have been made
over recent years [5]. Although the internal noise from heating, ventilation, and air conditioning (HVAC) systems is difficult to isolate,
low-speed centrifugal fans installed in the HVAC systems are known as dominant noise contributors. The frequency of the tonal noise is
connected to the rotation speed of the fan. In variable air volume (VAV) systems the fan speed changes continuously to meet the
demand. It means that the tonal noise changes continuously over a wide range of frequencies. The noise can be reduced by placing
silencers in ducts, but the silencers introduce additional pressure loss. Besides, the silencers are mainly effective in absorbing
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Fig. 1. The fan configurations. Gray indicates the rotating fan and green the stationary inlet duct. The gap location is marked out with red zone. (a)
the simple geometry layout for the numerical simulation. (b) Case 1 (baseline), (c) Case 2 (larger gap width), (d) Case 3 (smaller gap width), and (e)
Case 4 (curved gap, same gap width).

broadband noise rather than tonal noise. They can be tuned to damp the tonal noise at specific frequencies, while the tuning is not valid
for a wide range of frequencies [6].

Nowadays a ventilation system is usually driven by voluteless centrifugal fans. These are fans where the volute (spiral casing
surrounding the fan) is removed, termed voluteless in this study. The reason for choosing voluteless fans is that the removal of the
volutes can reduce flow losses to achieve efficient aerodynamic performance and lower noise levels. Regarding the structure of the
rotor part, a front shroud and a backplate are assembled onto the top and bottom sides of the rotating blades, respectively. The fan
tonal noise generation is attributed to multiple causes. Pressure and density fluctuations on fan blades are identified as dominant
sources in a large body of studies, e.g., by Ffowcs Williams and Hawkings [7]. As found in both simulations and experiments for
voluteless fans [8], the tonal noise at the blade passing frequency (BPF) is generated from a helical unsteady inlet vortex that interacts
with the rotating blades near the fan backplate. Another cause is inflow distortion, which leads to flow separation at the blade root near
the backplate [9]. Based on this finding, flow obstructions were proposed upstream of the fan inlet [10]. The shape and location of the
obstructions were identified as the key parameters for noise reduction. As the present study focuses on tonal noise, broadband noise
sources (e.g., see Ref. [11]) are not reviewed.

In an HVAC voluteless centrifugal fan, there is a gap (also termed clearance) between the rotating fan front shroud and the
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Table 1

The fan parameters.
d; d, ds ds b hy h,
0.165m 0.268 m 0.6 m 1.1m 0.053 m 4.0m 2.3m

Table 2
The gap width.
w1 w2 w3 Wy
1.5 mm 2.0 mm 1.0 mm 1.5 mm

stationary inlet duct, see Fig. 1. The pressure difference between the fan’s inner and outer sides drives air to pass through the gap. As
clarified by Hariharan and Govardhan [12], increasing the gap width worsens the blade aerodynamic performance. According to Lee
[13], the gap gives rise to a local jet that aggravates flow separation near the front shroud. This finding was further proven in later
studies [14,15], where the visualization of streamlines indicates that the flow discharged from the gap creates recirculating flow
around the intersection of the front shroud and the blade trailing edge. The flow separation features intensive turbulence kinetic
energy (TKE) [15]. As demonstrated in experiments [16,17], the curved shape of the front shroud also accounts for the flow separation.
It is worth noting that the shroud skin friction leads to extra rotational momentum near the shroud walls. The same finding was also
reported in [18]. This effect is different from conventional blade vortex interaction (e.g., [19]), where the flow upstream of the blades
is quiescent.

The noise from voluteless centrifugal fans was numerically studied by Schaefer and Boehle [20]. It was found that the accuracy of
the noise prediction, especially at BPF, is improved when the mesh is refined at the gap and the fan outlet. But this study provided few
discussions on the physical mechanisms that are associated with the improved accuracy. In another previous study [15], several tonal
noise sources including the gap turbulence were found, and obvious tones were observed in the acoustic spectra. Nonetheless, the
correlations between the noise sources and the tones were not clarified. In a recent study [21], the present authors found that for a
voluteless centrifugal fan, the tonal frequencies associated with the BPF, are related to surface pressure fluctuations at the blade
leading edge (BLE). The high surface pressure fluctuations are caused when turbulence stemming from the gap flow interacts with the
BLE close to the shroud.

As the literature review above shows, the aerodynamics of a voluteless fan is influenced by the gap geometry, since turbulent flow
develops from the gap and impinges on the blades. It has also been shown that the gap turbulence is one of the predominant tonal noise
sources. However, to date, it has not been quantified to which extent the gap geometry influences the tonal noise generation. It is
unknown whether noise increments are sensitive to gap geometric changes. As clarified by Guedel [22], turbulent velocity at the fan
inlet leads to random blade load fluctuations and broadband noise emission. But, it is not clear whether the changed gap turbulence
accounts for only the broadband noise generation or both broadband and tonal noise generation. These concerns motivate the present
study.

This study aims to investigate how the tonal noise at the BPF is affected when the gap is modified. Three different gap designs are
compared with a reference fan (Case 1), which is the same fan in the previous study [21]. Also, the fan performance will be compared
and discussed. The location and area of the noise sources responsible for the tonal noise at the BPF is addressed.

The numerical simulations in the current study are carried out using a hybrid method of the improved delayed detached eddy
simulation (IDDES) [23] and the Ffowcs Williams and Hawkings (FW-H) equation [7], which will be elaborated on in Section 3. The
IDDES is used in the flow simulation and the FW-H for the noise prediction. In some previous studies [24,25], the unsteady
Reynolds-averaged Navier-Stokes (URANS) equations were adopted for the flow simulation. It was found in a recent study [15] that the
aerodynamic forces obtained using the URANS are in good agreement with experimental data. This method coupled with the acoustic
analogy well predicts principal tonal noise but not the broadband noise. The reason is that the URANS cannot resolve transient
small-scale flow fluctuations that are also noise sources, although large-scale unsteady contents are captured. The IDDES, by contrast,
simulates most of the fluctuations despite the modeling of sub-grid scale quantities. Hence, coupling the IDDES with the FW-H equation
enables accurate prediction for both tonal and broadband noise, as demonstrated in previous studies on vehicle cooling fans [26,27].
Although the free-field assumption for ducted fans is violated [28], it is still valid for comparison studies. Reese and Carolus [29]
showed that for a ducted axial fan, the assumption is still acceptable for frequencies below 1000 Hz. With the blade radial length of
0.0825 m, the sound wavelengths above 1000 Hz are more than 4 times this characteristic length. It is therefore estimated that the
sound reflections from the solid surfaces are small for the low frequencies of interest.

2. Application cases

The baseline fan (Case 1) and the three different designs (Case 2, Case 3, and Case 4) are illustrated in Fig. 1. Case 1 is the same fan
as the one examined in [21]. As displayed in Fig. 1a, the fan and inlet duct is placed in a downstream duct, and the inlet duct is
connected to an upstream duct. This simple geometry layout is designed for the numerical simulations. This simplification reduces the
geometry complexity but retains the principal flow and acoustic characteristics.

The fan backplate and blades are the same for all cases and there are seven blades. A clearance (i.e., the gap) is located between the
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stationary and rotating parts. For Cases 1, 2, and 3 the shroud geometry is the same, and the flow path of the gap is straight in the
streamwise direction. Case 2 has larger gap width (denoted by w), and Case 3 has smaller one than Case 1. The gap width is varied by
changing the wall thickness of the inlet duct. In comparisom to the other cases, a curved flow path of the gap is designed for Case 4,
while its gap width is the same as Case 1. The fan parameters are listed in Table 1 and the gap width in Table 2. The changes in the gap
width and shape are designed to keep the aerodynamic efficiency of the fan nearly the same, since the focus of the present study is to
understand whether the small changes affect noise generation. Nevertheless, it will be interesting in the future to study the re-
lationships between operating points, efficiency and noise levels.

The fan rotation speed is 2800 rpm. Given that the fan has seven blades, the BPF is 326.7 Hz. The operation point is the same as the
off-design point in [21]. This point was selected since the tonal noise at the BPF has its highest amplitude here. The mass flow rate was
set to 0.467 kgs ' which gave a pressure of 269.6 Pa for Case 1.

3. Numerical methodology
3.1. Computational fluid dynamics

The transport equations of continuity, momentum, and energy equations in the conservation form are generally written as

op _
E+V . (/)M) —07
a(gtu) +V-(pu-u)=-Vp+V-1, (€}

0

E(pE)-i—V-(pEu):V-(kVT)—V~(p~u)+V~(u-1)

where the total energy E = e+ u-u/2, e is the internal energy, and k is the thermal conductivity.
If the compressibility is taken into account, the stress tensor 7 is defined as

T =p[Vu+(Vu)'] —%y(Vm)l 2

where y is the dynamic viscosity. The first term pu[Vu+(Vu)T] is symmetric and anisotropic, which is driven by velocity gradients
within the flow [30]. Thus, it accounts for turbulence anisotropy. The second term is isotropic and associated with fluid volume
changes due to the compressibility.

The air is considered as an ideal gas. The flow is compressible. A finite volume method is utilized to discretize the continuity,
momentum, and energy equations. The method employs a segregated flow solver accomplished with the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm [31].

The convection flux on a cell face is discretized utilizing a hybrid second-order upwind and bounded scheme. The diffusion fluxes
on both internal and boundary cell faces are discretized with a second-order scheme. The second-order hybrid Gauss-LSQ method is
used in gradient computation. A second-order implicit method is taken to discretize the time derivative. The time marching procedure
adopts inner iterations at every preconditioned pseudo-time step. All simulations are performed using the commercial software STAR-
CCM+ [32]. This setup was validated in the previous study [33], where turbulence-induced acoustic waves transmitting through a
cabin window were simulated.

The turbulence is simulated using the IDDES [34] that is combined with the k-w SST turbulence model. This setup has been tested in
several studies on rotating machinery [26,27]. Hereafter, the filtered variables are presented. The IDDES modifies the dissipation in the
transport equation of the turbulence kinetic energy k by introducing a hybrid length scale

Tppes :J?d(l +f)lrans + (1= F)liss 3)

where lrans and [ gs are the Reynolds-averaged Navier-Stokes equations (RANS) and LES length scales, respectively. Furthermore, wall

modeling in large eddy simulation is taken into account for fd and fe with the blending functions,

fa = max{tanh(Cyr4)’, min[2exp(—9a°), 1] }
a=025— dw/hma)c 4)
where d,, denotes the distance to the wall, and hp,, is the maximum local grid spacing. The parameter r4is defined as

P / (p\/m xzdj) (5)

where 4, is the turbulent eddy viscosity, and the von Karman constant x = 0.41. The formulation of f, reads

fo = max((fo — 1), Olyfer (6)
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Fig. 2. The cut planes for observing the flow variables in the subsequent analysis. The red line is the monitoring line at the BLE.

where y is a low-Reynolds correction that rectifies the activated low-Reynolds number terms of the background RANS model in the LES
mode [35] The parameters in Eq. (6) reads

2exp (—11.0907), fora >0

fa={ 2exp(—9az), for a < 0,

fo =1 —max [tanh(C{zrd[f7 tanh(clzrd,)m},

ra=p/ (pVVu: VMTKZdi, (@)

The coefficients of the IDDES model adopts the default values in the software STAR-CCM-+,i.
e. Cpgsk—o = 0.78, Cpgsx_e = 0.61, C4 = 20, C; =5, and C, = 1.87 [32]. The notation of the coefficients is the same as in the software
user guide [32]. The wall-normal sizes of the first layer cells near all walls fulfill Ay™ < 1.

3.2. FW-H equation

A hybrid approach is adopted to predict the noise generated from the flow. In this approach, the IDDES is coupled with Formulation
1A of Farassat [36]. The ambient air density is set to p, = 1.225 kgm~3, and the speed of sound ¢y = 340 ms~!. The Formuation 1A
reads

p cosO
=2,

' 1 1 0 PoVn p cosO 1
1 =— 2z ds +— 8
p &) 4;:4:0{1 —M, o {r(l ) e -m))f. P T 1), ®

wherer = |[x — y|, and M, = (x — y) - v/(rco). The variable v, is the local surface normal velocity, and 7z, denotes the emission time.
Besides, cos@ = (x — y) - n, where n is the unit vector normal to the surface.

According to Neise [37], the fan noise generation at low Mach numbers is dominated by dipole noise sources that are derived based
on the FW-H equation. The same observation has also been reported for the current voluteless centrifugal fan using URANS coupled
with Formulation 1A [15,24]. Hence, the noise prediction in this study considers only an impermeable integral surface for Formulation
1A. The integral surface consists of the fan blades, shroud, and backplate (see Fig. 1a), this approach is chosen so that the sources for
the BPF can be compared. This method agreed well in [38] where the unsteady flow in a centrifugal fan was studied and evaluated with
experiments. The upstream and downstream ducts, as well as the fan inlet duct, are neglected. This treatment disregards the acoustic
reflection from the duct walls to resemble the conditions in the experimental rig.

3.3. Numerical settings

The entire computational domain is divided into stationary and rotating parts. The parts contained within the ducts are stationary,
whereas the part inside the fan is rotating. The meshes of the stationary and rotating meshes are not conformable at the interfaces
between them.

The under-relaxation factors for the velocity and pressure in the segregated flow solver are set to 0.7 and 0.4, respectively. The
under-relaxation factor for the turbulence equations is 0.7.

The mass-flow boundary condition is set at the inlet, with a uniform velocity distribution. The modeled turbulence intensity is set to
I = 4% according to I = 0.16(Re)’1/ 8 [32]. Here R, is computed based on the inlet diameter and the streamwise velocity at the inlet.
The modeled turbulence length scale is set to £ = 0.5m based on £ = 0.7d3 where ds is the upstream duct diameter. The turbulence
intensity calculation at the inlet according to [32], was validated in [39] for a centrifugal fan with an inlet duct. The result was in good
agreement with the experimental data. The pressure-outlet boundary condition is set at the outlet with the static pressure of 101325
Pa, which is the reference pressure (p,,) in the ambient air. The no-slip boundary condition is specified on all walls.

The time step is set to At = 2.0 x 1075 s, leading to a maximum convective Courant number of around 10. This value fulfills the
numerical stability required for the implicit time-marching method. The maximum number of inner iterations per time step is set to 12.

The sampling period of the noise is 0.3 s for all cases, corresponding to 14 fan revolutions. The same period was considered in [21],
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(b) (c)

Fig. 3. a) Mesh refinement regions (blue) at the inlet gap and blades top region. Mesh cells near b) the blade trailing edge and c) the inlet gap.

Table 3
The mesh parameters.
Case 1 Case 2 Case 3 Case 4
Total number of cells 52 x 10° 52.2 x 106 52 x 10° 53.2 x 10°
Number of cells in the rotating zone 41.9 x 106 421 x 10° 41.9 x 10° 43.1 x 10°
Maximum height of first-layer cells near blade walls Ay* 0.73 0.73 0.73 0.73
Cell growth ratio 1.05 1.05 1.05 1.05
400 : . ; . .
Outlet —Case 1
Case 2
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Case 4
= 200 t -
a9}
N
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Fig. 4. The pressure along the axial axis of the fan across the computational domain. x = —2 corresponds to the location near the outlet and x = 4

near the inlet. The fan location is marked out with the gray zone.

and the results agreed well with the experimental results. The sampling time interval is 5At. The PSD is calculated using the von Hann
window for 3000 samples per signal section, which leads to a frequency resolution of around 3 Hz, and no overlapping between the
signal sections.

Four cut planes (Planes 1-4) across the fan are specified to observe the flow quantities in the subsequent analysis. The cut planes are
shown in Fig. 2. The red line is a monitoring line positioned at the BLE which extends from the backplate to the shroud.

4. Computational meshes

We adopt the same mesh generation strategy that was developed and validated in [21], where the fan is the same as Case 1. A
polyhedral mesh generation method was used to produce prism layers near the walls and polyhedral cells in the rest of the compu-
tational domain. The use of polyhedral cells for turbomachines has been shown in [24,40] to be a good choice. The growth rate is set to
1.05, as suggested in [41]. The most important findings in the mesh study performed in [21] were that a local refinement has to be
made at the regions extending from the gap to the BLE and along the blade to the blade trailing edge. These mesh refinement regions
(blue) are illustrated in Fig. 3. The mesh parameters are listed in Table 3. The refined mesh resolution enables the LES mode for the

IDDES, which is controlled byfd in Eq. (4).fd blends between the URNAS and LES mode, which depends on the grid spacing and the
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Fig. 5. The instantaneous pressure in Plane 3: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

wall distance.

The mesh size in the upstream duct and downstream duct is 55 cells per meter. According to [30] it should be at least 20 cells per
wavelength for the shortest wavelength. This corresponds to a minimum frequency of 124 Hz for this mesh, which is well below the
tonal noise at the BPF = 326.7 Hz.

5. Results and discussion
5.1. Fan performance

The static pressure excluding the reference pressure (p,; = 101325 Pa) is displayed along the axial symmetric line for all cases in
Fig. 4. All cases show consistent pressure amplitudes in the upstream duct of the fan, while differences are seen downstream. The
difference in pressure rise downstream of the fan is only due to the gap design. Compared to Case 1, the gap width is larger in Case 2
and smaller in Case 3. Among these three cases, the pressure rise is smallest in Case 2 and largest in Case 3. Therefore, increasing the
gap width worsens the fan performance. The same finding was also clarified in a previous study [12]. However, the anomaly is found in
Case 4. This case produces larger pressure rise than Cases 1-3, even though its gap width is the same as Case 1. The geometric dif-
ferences between Cases 1 and 4 are that the gap of Case 4 has a longer streamwise length and a curved shape. These geometric changes
lead to an increase in the pressure rise.

Fig. 5 shows the instantaneous pressure in Plane 3 (see the plane position in Fig. 2). The pressure increase in the channel between
two neighboring blades is largest in Case 4. This also demonstrates the phenomenon observed in Fig. 4 that the pressure at the fan
outlet is highest in Case 4. Unlike from Case 4, there are significant pressure fluctuations near the blade trailing edge in Cases 1-3. It is
known that the fluctuating pressure distribution is caused by turbulent structures in the flow and affects the fan performance.
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Fig. 6. The instantaneous vorticity magnitudes near the shroud, which are visualized in Plane 4: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

The contours of the vorticity magnitudes are illustrated for all cases in Plane 4 in Fig. 6. For Cases 1-3, there are regions of large
vorticity on the pressure and suction sides of the blades, near the blade trailing edges. The locations agree with the nonuniform
pressure in Fig. 5. The large vorticity regions are caused by flow separation according to previous studies [15,17]. As clarified by Lee
[14], the gap flow produces the trailing edge separation, which affects the fan performance. Case 4 has fewer vortices in these regions.

The instantaneous surface pressure magnitudes over the whole blade surface at the intersection of Plane 4 are displayed in Fig. 7.
Here, 7,4 is the nondimensional blade chord length measured from the leading edge (1.,,¢ = 0) to the trailing edge (1.44,¢4 = 100).
The reference pressure, pr, is excluded from the static pressure shown in the figure. The pressure on the pressure side near the blade
trailing edges shows different distributions among the blades for Cases 1-3, whereas it is more stable in Case 4. Cases 1 and 4 have the
same gap width, but Case 4 has a significantly longer gap length than Case 1. Therefore, the longer gap length stabilizes the flow, as
shown in Figs. 6 and 7.

5.2. Interaction between inlet-gap turbulence and blades

The root mean square (RMS) pressures at the monitoring line at the BLE (described in Fig. 2) are illustrated for all cases in Fig. 8a.
The line follows the blade rotation and the surface pressure is monitored during 12 fan revolutions. At the position nearest the shroud
(Plane 1), the highest RMS pressure is observed for all cases. The RMS pressures have the same physical behavior for all four cases and
when the distance to the shroud increases, the RMS pressure decays. From Plane 1 to the backplate, Case 2 has the lowest RMS
pressure, and Case 4 the highest. At the backplate, al cases have the same RMS pressure.

The time-averaged of the surface pressures at the BLE are shown at different positions for all cases in Fig. 8b. The maximum values
for all cases occur at Plane 1 (shroud), whereas at the backplate the values are negative. The amplitudes of the maximum and minimum
pressure (error bar) are largest at Plane 1 and they decay when the distance from the shroud increases, for all cases. At Plane 1, Case 4
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Fig. 9. The time history of surface pressures along the BLE at point 2 (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4. Dashed lines show the time-
averaged pressure values.

has the highest amplitude. Case 2 has the lowest amplitudes at all positions. At Plane 2 and 3, the maximum positive fluctuations are
larger than the magnitude of the negative ones, and it is the same for all cases. It is clear that Case 2 has the smallest pressure fluc-
tuations at the BLE.

Fig. 9 shows the time history of the surface pressure for all cases at the point in the BLE monitoring line intersected by Plane 2. The
time history is shown over 12 fan periods. The dashed lines indicate the average values for the cases. For Cases 1, 3, and 4, pressure
fluctuations with large amplitudes and high frequencies are observed. Fluctuations are also obvious for Case 2, but the amplitudes are
smaller than for the other cases. This observation supports the finding in Fig. 8b, which shows that Case 2 has the narrowest fluctuating
range in terms of the maximum and minimum amplitudes. Moreover, a periodic low-frequency fluctuation in relation to the fan
rotation is seen for Case 2, which was also found in [15,21], but there is no clear periodic low-frequency fluctuation in the other cases.
A common behavior of all cases is that the maximum positive fluctuations are larger than the magnitudes of the negative ones. The
reason is that the gap vortices impinge the BLE cause large positive pressure fluctuations which happens rarely, this is called skewness
and the surface pressure on the BLE is skewed towards the positive side.

The contours of vorticity magnitudes || @|| in Plane 1 are shown for all cases in Fig. 10. The position of Plane 1 is located near the
fan inlet, as illustrated in Fig. 2. Regions with large vorticity magnitudes are detected for Cases 1, 3, and 4. These regions move along
the shroud and interact with the BLE. According to [21], surface pressure fluctuations are caused when turbulent vortices, stemming
from the fan inlet gap, interact with the BLE close to the shroud. However, Case 2 has no regions with high vorticity magnitudes, which
is in agreement with small RMS pressure in Figs. 8a and 9b.

The contours of the velocity magnitudes in a y-z plane are defined as [vg| =,/v2 + v} (coordinate axes defined in Fig. 1), and the

streamlines of the relative velocity vectors in Plane 1 are displayed for all cases in Fig. 11. Note that the axial velocity component along
the fan rotation axis is excluded from the vectors. For Cases 1, 3, and 4, there are regions with large velocity magnitudes near the
shroud (Plane 1). These regions appear periodically in relation to the blade positions. These regions cannot be observed for Case 2. This
suggests that the flow near the shroud is highly fluctuating due to the gap turbulence for Cases 1, 3, and 4 and that Case 2 has less
turbulence above the blades (near the fan inlet). The phenomenon of large vy magnitudes was also found in previous studies [18,21].

The iso-surfaces of the vorticity magnitude of | || =2 x 10* s71, colored by the instantaneous pressure, near the gap are shown in
Fig. 12. There are more iso-surfaces in Cases 1, 3, and 4, and intensive turbulent structures are found to interact with the BLE in
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Fig. 10. Instantaneous vorticity magnitudes near the shroud are visualized in Plane 1: a) Case 1, b) Case 2, c) Case 3, and d) Case 4.

relatively larger BLE regions, as compared to Case 2. The gap flow develops along the shroud surface and only interacts with the top
side of the BLE, that is, the connection position of the BLE and shroud. In Case 2, the gap flow is less turbulent. Additionally, the
instantaneous pressure in Case 2 is qualitatively smaller than in the other cases.

As illustrated in Fig. 12, the flow involves two physical mechanisms: the evolution of turbulent vortices, and the interaction of the
blade with stretched vortices. According to Howe’s theory of aerodynamic sound [42], the local fluctuations induced by the vortices
are responsible for the generation of broadband noise, since the length and time scales of the turbulence have a broadband charac-
teristic spanning a wide range of wavenumbers and frequencies. Fig. 13 shows the power spectral density (PSD) of the pressure
fluctuations ahead of the BLE. The broadband characteristic is observed in all cases and is case dependent. Meanwhile, Howe’s theory
highlights that the fluid-structure interactions mainly contribute to the generation of tonal noise. It is worth noting that some
broadband noise can also be generated from the interactions due to the local turbulence, but it is much smaller than the tonal noise.

5.3. Turbulence-induced tonal noise

In the previous studies of Case 1 [15,23], it was shown that the PSD of the noise at the tonal frequency, BPF, was in closer agreement
upstream of the fan (M1) than downstream (M2), see Fig. 1. The SPL of the noise at the microphone M1 is compared in Fig. 14. The
highest BPF amplitude is observed for Case 4, which is 4 dB higher than Case 1. Comparing Cases 1-3 where only the gap width is
changed, Case 2 with the largest gap width has the lowest BPF magnitude, and Case 1 with the medium gap width has the medium BPF
magnitude. This indicates that increasing the gap width leads to a reduction in the tonal noise generation. Moreover, a similar trend is
observed for the broadband noise, i.e., magnitudes increase sequentially in Case 2, Case 3, and Case 1. This trend is consistent with the
observation in Fig. 13, where the broadband content in the PSDs of the pressure fluctuations decrease with increasing the gap width. In
contrast to Cases 1-3, Case 4 produces larger tonal noise at the BPF. The reason for this might be that the longer spacing in the gap in

11
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Fig. 11. Instantaneous velocity magnitudes |vg| =, /vZ +vZ visualized in Plane 1: a) Case 1, b) Case 2, c) Case 3, and d) Case 4.

Case 4 triggers more stretched vortices compared with Case 1. These results agree with the results from Figs. 8-11, where Case 2 had
the lowest surface pressure fluctuations on the BLE.

As displayed in Fig. 14, the tonal noise at the BPF in the reference configuration Case 1 is 67.5 dB. With respect to this reference,
different tonal noise levels are found for the other cases. Accordingly, the noise impact on the IEQ is mitigated by 5.7 dB at 326.7 Hz in
Case 2, but deteriorates by 0.5 dB in Case 3 and by 4 dB in Case 4.

5.4. Spectral analysis of tonal noise sources

Based on the band-filtered PSD of surface pressure fluctuations, the location and magnitudes of dominant tonal noise sources are
evaluated. The results at the tonal frequency of BPF = 326.7Hz are illustrated in Fig. 15. The location of the highest surface pressure
fluctuations is at the same position (the top side of the BLE that is connected to the shroud) for all cases. Besides, this position is found
with high vorticity magnitudes, high RMS pressure, and the largest pressure fluctuation. The differences between the Cases are the
maximum magnitude and the size of the high-magnitude region. Case 4 has the largest sound pressure (see Fig. 13), and it has also the
largest area and magnitude at the tonal frequency. The high energy locations are consistent with the surface pressure fluctuations
indicated in Fig. 8. The high energy is caused by the interaction between the gap turbulence and the BLE [21].

Additionally, in Cases 1, 2, and 3, small magnitudes are seen at the blade trailing edge close to the shroud. In contrast, Case 4 does
not show such a region. This agrees with the findings in Figs. 5-7, where high vorticity magnitudes and surface pressure fluctuations
were found at the same location for Cases 1, 2, and 3 but not for Case 4. The large vorticity regions are caused by the flow separation.
According to previous studies [15,17], the flow separation is triggered by the turbulence from the gap. Therefore, the gap turbulence is
the cause of these tonal noise regions. But it should be recalled that the magnitude of the surface fluctuations is much smaller in the
separation region than at the BLE.

12
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Fig. 12. Iso-surfaces of the vorticity magnitudes at || || =2 x 10* s~1, colored by the instantaneous pressure: a) Case 1, b) Case 2, ¢) Case 3, and d)
Case 4.

There is a clear contradiction between the aerodynamic performance and the acoustic emission. As can be seen in Fig. 4, the
pressure rise decreases from Case 4, Case 3, Case 1 to Case 2. However, Fig. 14 shows that the noise is reduced in the reverse order: Case
2, Case 1, Case 3 and Case 4. For Case 4 exhibiting the largest pressure rise, vortices are less intensive near the blade training edge in
Plane 4 that is well inside the blade passage (see Fig. 6), and at the same position there are less pressure fluctuations (see Fig. 7). Thus,
the aerodynamic performance is related to the turbulence inside the blade passage. However, Case 4 is the worst acoustic case. This is
attributed to the strongest gap turbulence near the wall at the blade leading edge, as indicated in Plane 1 in Fig. 10. The turbulence
from the gap is ingested into the blade passage and results in the strongest pressure fluctuations, which are observed in Fig. 15. The
synthesis of these effects suggests the physical mechanisms that given the turbulence at the entry (around Plane 1) becomes stronger,
the flow inside the blade passage (around Plane 4) is stabilized. Consequently, the fluctuations near the blade trailing edge are
mitigated, resulting in improved aerodynamic performance.

6. Conclusion

Four different voluteless centrifugal fans for HVAC systems are compared for their aerodynamic and aeroacoustic characteristics.
The study is motivated by findings in a previous study by the present authors, that the gap flow is responsible for tonal noise. The flow
is simulated by a hybrid method coupling the IDDES with Formulation 1A of Farassat.

With respect to Case 1, Cases 2 and 3 differ in the gap width, and Case 4 in the longer streamwise length and curved shape of the
gap. The comparison of Cases 1-3 shows that increasing the gap width reduces the pressure rise downstream of the fan. Case 4
produces the largest pressure rise than the other cases.

Regions with high vorticity magnitudes are found in the channel between two neighboring blades near the blade trailing edges
close to the shroud (Plane 4), for Cases 1-3. Moreover, the high vorticity magnitudes cause different surface pressure distributions
among the blades, where Case 2 has the largest difference. This results in a uniform pressure rise, in the channel between two
neighboring blades. The regions with high vorticity magnitude could not be found for Case 4 and it has the same pressure distribution
for all blades.

The four designs show a similar trend of the RMS pressure. The RMS pressure is largest at the shroud and decays when the distance
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Fig. 14. The SPL of the sound pressure at the microphone M1 upstream of the fan. The tonal frequency BPF = 326.7 Hz. The SPL values of the tones

are presented.

to the gap increases. Moreover, at the position of 20% blade width from the shroud (Plane 3 shown in Fig. 8), the RMS pressure reaches
the smallest value. Case 2 has the lowest RMS amplitudes at all positions and Case 4 has the highest.

Spectral analysis is performed for the surface pressure fluctuations and the sound pressure at the microphones M1. There are re-
gions with high energy identical to the locations where the gap turbulence evolves and accounts for the impingement on the BLE, for all
cases. Case 2 has the lowest tonal noise at the BPF and Case 4 has the highest. This agrees with the observations of the pressure
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Fig. 15. The PSD of surface pressure fluctuations at BPF = 326.7 Hz. (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

fluctuations. The spectral analysis also indicates that Case 2 has the lowest magnitude at the BLE close to the shroud and that Case 4 has
the highest.

Additionally, small magnitudes of pressure fluctuations are seen at the blade trailing edge close to the shroud for Case 1, 2, and 3. In
contrast, no fluctuations are seen in these regions for Case 4. This agrees with the observations of the surface pressure distribution at
the pressure side of the blade close to the trailing edges. Therefore, the gap turbulence dominates these regions as well.

By redesigning the gap, the aerodynamic and acoustic performances are affected with opposite trends. The comparison of Cases 1-3
shows that increasing the gap width leads to a reduction in the generation of the BPF tonal noise, as well as the broadband noise.
However, this change of the gap width worsens the aerodynamic performance in generating the pressure rise. Case 4 has longer gap
spacing than Case 1, although both have the same gap width. The long gap design increases the noise generation but improves the
pressure rise. The opposite effects on the acoustics and aerodynamics agree with the findings for Cases 1-3. In all configurations, Case 4
has the worst acoustic performance but the best aerodynamic performance. From the analysis of the pressure fluctuations and vortices
at the different fan locations, it can be deduced that the fan noise is increased by the turbulence ingested from the gap region, and that
the aerodynamics is reduced by the turbulence inside the blade passage near the blade trailing edge. The increased turbulence from the
gap interconnects the reduced turbulence near the blade trailing edge. In other words, the stronger turbulence at the entry near the gap
can stabilize the flow inside the fan blade passage, leading to less fluctuations and thus to a better aerodynamic performance.
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