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SUMMARY

Different fan noise prediction methods were compared with experimental data. For this purpose
measurement data was used from a rotor benchmark of a low speed axial fan as reference. For
computing the sound pressure level, the methods according to VDI 2081, VDI 3731 and Sharland
have been applied. For spectral data, the method of Kdltzsch and a hybrid aeroacoustic method
based on incompressible flow simulations coupled with an acoustic propagation simulation were
used.

INTRODUCTION

Noise prediction is a necessary stage in all modern fan design processes. The different existing meth-
ods can be categorized in three different classes according to [1]. The first class contains empirical
methods, based on geometry and operating conditions. They are very fast and easy to apply. The
second class contains semi-empirical methods that are partly based on flow quantities from measure-
ments or simulations. These methods shall represent the actual operating conditions in a better way,
but are more time consuming since the flow quantities must be obtained. The third class contains
methods that compute the noise radiation directly from fluctuating quantities of the transient flow.
These methods give a good insight in the contribution to the overall sound level from different sound
sources. Due to the need of transient flow data, this class of methods is highly demanding towards
computational power. A fourth category for the direct aecroacoustic computation was suggested later
on [2]. In our contribution we compare different methods from class one to three and apply them to
a low-pressure axial fan. The fan used for the application is a previously published benchmark case
[3]. This fan was already investigated numerically in [4].

THE INVESTIGATED FAN

The generic fan is designed to be a typical fan used in commercial applications in terms of size and
operating conditions. The rotor benchmark fan provides an extensive amount of measurement data
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including aerodynamic performance (volume flow rate, pressure rise and efficiency), wall pressure
fluctuations in the tip gap region, fluid mechanical quantities on the fan suction and pressure side
(velocity in three spatial direction and turbulent kinetic energy) and acoustic spectra at different mi-
crophone positions. The fan was designed with NACA 4510 profile blades and zero blade skew for
easy reproducibility. The design parameters are shown in Tab. 1.

Table 1: Fan characteristics

fan diameter 495 mm
hub diameter 248 mm
tip clearance 2.5mm
blades 9
volumetric flow 1.4m3/s
total-to-static pressure difference 150 Pa
rotational speed 1486 1/min
chord length hub 103 mm
chord length tip 58 mm
Reynolds number hub 1.25-10°
Reynolds number tip 1.5-10°

The fan geometry and the measurement results can be obtained online (https://eaa-bench.mec.
tuwien.ac.at/benchmarks/acoustics_involving heterogeneous_and_moving fluids/
axial_fan). The measurements were made in an anechoic inlet test chamber. The measured sound
power level at the design point of the fan was measured over 30 s and was computed from 100 Hz to
10kHz as Lw = 87.3 dB and will be used as the reference for the sound prediction methods compared
later on.

CLASS 1 METHODS

VDI 2081

The VDI 2081 standard [5] provides a relation for the outlet duct sound power level Ly in the form
of
Lw = Lwg +101gV +5(y — 1) IlgAp, indB, (1)

which is simply a function of the volume flow rate V, the total pressure increase Ap between the inlet
chamber and the ambience, the specific sound power level Lyg and the Mach number exponent ~.
For axial fans the Mach number exponent can be assumed to v = 5 and Lwg = 42 dB and the formula
becomes

Lw = Lws + 101gV +201g Ap, indB, )

which is very similar to the estimation of Madison [6]. This method gives a simple estimation of the
overall sound power level, but it does not take any geometric properties into account.


https://eaa-bench.mec.tuwien.ac.at/benchmarks/acoustics_involving_heterogeneous_and_moving_fluids/axial_fan
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VDI 3731

The VDI 3731 standard [7] is based on Regenscheit [8], where the sound power level is assumed to
be proportional to the aerodynamic power loss and an exponent of the circumferential Mach number

. 1
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with the inner efficiency 7); (efficiency without losses due to leakage and friction in bearings), the Mach
number exponent m and the circumferential Mach-number M a,,. The circumferential Mach-number
is
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with the diameter D, the rotational speed n and the speed of sound ¢, In a logarithmic form this leads

to
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with the reference values V, = 1m? /s and Ap, = 1Pa. Because the measurement of the inner
efficiency n; is difficult, it is replaced with the total-to-static efficiency of the fan 7. For axial fans,

the specific sound power level can be assumed to be Lyys = 96.6 dB and the exponent to m = 3.16.
The total-to-static efficiency of the fan is

Lw = Lws + 101g +10mlg[Ma, indB, (5)

VApt
2rnM
with M the measurement torque and n the rotational velocity.

n= (6)

CLASS 2 METHODS

This class contains a wide range of methods, like Amiet’s theory [9] that is designed for airfoil noise
and can also be adapted to rotating airfoils. Furthermore, the TNO type models should be mentioned
[10], [11] that are used to compute trailing edge noise. But for the compactness of this contribution,
just the method of Sharland [12] and Ko6ltzsch [13] will be addressed.

Sharland

The method of Sharland [12] assumes the blades to be flat plates that are radiating incoherently and
without any interfering effects. The radiated sound power is split in contributions from three different
effects. The first one is from the turbulent inflow (ti), the second one from pressure fluctuation in the
boundary layer (tbl) and the third from vortex shedding (vs)

P = Pi+ Py + Py . (7

Each term is approximated with an integral over the blade from the inner radius r; to the outer radius
To-

1 p [™ 9
P~ 248_7rc_8 | 102w Tu*dr (8)
Po~z-10" 7ﬁ/ IS dr 9)
Poro——L [ 1w ReOtdr (10)

1207 ¢}



FAN 2018
Darmstadt (Germany), 18-20 April 2018 4

The noise from the turbulent inflow depends on turbulent intensity 7'u, the relative velocity w.., the
chord length [ and the gradient of lift coefficient ®, which was approximated by Sharland as & ~ 0.97.
The integrals may be approximated by an evaluation of the quantities at a representative radius of the
blade. A height of about 70% of the blade seem to be often applicable [14]. For highly skewed fans
this might be different. Each noise mechanism is multiplied by the number of blades z. The vortex
shedding noise might be neglected for airfoils with sharp trailing edge. A drawback of the method of
Sharland is that it does not provide any spectral information.

Koltzsch

In contrast to the Sharland method, the Koltzsch method [13] provides spectral information. In this
method the power spectral density (PSD) is described as a combination of the turbulent inflow and
turbulent boundary layer

S =S+ S - (11)

The PSD of the turbulent inflow is approximated with the spectral energy density S,, of the inflow

and the dimensions of the blade [ and b
0.817
Sa(f) oz =Lt S, (f) 1D, (12)

48 ¢

The spectral energy density is computed as
Su(f) = U -Tu?- A 10710, (13)

with the flow mean inflow velocity U, the turbulent intensity, a turbulent length scale A and a regres-

sion polynomial
4 fA k—1
=3 i (2)) o

k=1
where the coefficients for the polynomial are

a = —9.784; —19.001; —5.548; —0.060 . (15)

The PSD of the turbulent boundary layer for a fan in a sound hard duct computes as

T s (16)

S = 2———————
ol Z4pc(2)7“0(1—1/2)

with the PSD of the lift forces Sy, a radiation function ¢ that can be approximated as ¢ = 1 for low
Mach-number flows and the relation of the outer diameter to the hub v. The approximation of the
PSD of the lift forces Sy, is described by three different functions, depending on the frequency

bﬂw“S(f) for g—£<2

57rf2 p —
Sulf) = § 25mS,(f) for 2< <18 (17)
L Sy(f) for L <zl

The PSD of the wall is computed with the approximated boundary layer displacement thickness o*
and an approximation formula G(S%)

S,(f) = p*w? 6*G(Sts-) . (18)

The approximated boundary layer displacement thickness can be estimated with the known relation
for a flat plate

*

)
7= 0.05Re; (19)
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and the approximation formula is

0.01
(St5+) 1+ 4.19855t5. + 0.454S15. 20)

The vortex shedding noise from the trailing edge is neglected in this estimation.

CLASS 3 METHOD

Since a direct simulation of the radiated sound is too expensive, a hybrid aeroacoustic method is
used. Our numerical approach from the third class is based on a forward coupling between a flow
simulation with ANSY'S Fluent and an aeroacoustic source term and wave propagation computation
with multiphysics research software CFS++ [15].

Flow Simulation

To obtain the transient flow field we use an incompressible flow simulation in ANSYS Fluent with
approximately 48 M cells on an unstructured mesh. A schematic of the computational domain is shown
in Fig. 1. To simulate the rotation of the fan, a rotating mesh region is used in the duct. The inlet
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Figure 1: computational domain for the flow simulation

chamber (on the left side) and the outlet area (on the right side) were modeled as stationary domains.
The three domains were connected with nonmatching interfaces. The boundary layers are resolved to
guarantee the y* < 1 condition. A map of y* on the fan surface is shown in Fig. 2 (left). On the right
side of Fig. 2 the vortex structure is displayed by the Q-criterion.

The inlet is modeled as a mass-flow-inlet and the outlet as a pressure outlet with zero pressure. As
a turbulence model the stress blended eddy simulation (SBES) [16] was used. To reduce the com-
putational effort, the geometry of the engine and shaft were reduced to a single block with the same
dimensions. To account for CFL < 1 a time step size of At = 1-10~"s has to be used. For the tran-
sient results an export time of 0.13 s was used, which corresponds to 3.2 revolutions. As just recently
noticed by the authors Fluent is not recommended for rotor simulations with interfaces, so the validity
of the simulation needs further investigation.
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Figure 2: Simulation conditions. y* criterion (left) and vortex structure by the Q-criterion (right).

Acoustic Simulation

The aeroacoustic analogy for the used hybrid acoustic method is the perturbed convective wave equa-
tion (PCWE) as described in [17]. This analogy was already used successfully in [18] and [19]. In
this analogy the wave equation describing the acoustic propagation is:

1 D2g0a

1 Dpic
2 Dt?

—V -V = ———— , 21

with the acoustic potential ¢, constant speed of sound cy and density py and the incompressible
pressure p* from the flow simulation. The acoustic source term on the right hand side is computed
with the substantial derivative of the incompressible pressure:

Dpic B 2
Dt  \ot

+ (@ —u)- V) P, (22)

where the mean velocity u has to be corrected with the grid velocity u, in the rotating region. Thereby,
(21) is solved with the finite element method on a discretized domain. To obtain the acoustic pressure
p® from this solution, the substantial derivative has to be applied to the velocity potential

D
= po—°. 23
P'= P, ® (23)
In the discretized domain, different boundary conditions can be applied to account for reflections or

absorption, which is difficult to realize with integral solutions.

The acoustic computation domain is identical to the domain of the flow simulation, except for the size
of the inlet and outlet chamber. These two domains are surrounded by a perfectly matched layer, to
account for the anechoic conditions. All other walls are modeled sound hard. The acoustic mesh is
generated with a maximum spacing of 23.5 mm to resolve frequencies up to 1500 Hz with at least ten
linear elements; the number of mesh nodes results in approximately 2.3 M. The rotating domain is
again connected with nomatching interfaces to the other domains. The time step size for the acoustic
simulation is At = 2-107%s.
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RESULTS

The over all sound power level of the two class 1 methods and the Sharland method are displayed in
Tab. 2. Compared to the measurement, the Sharland method has the smallest difference, but the class
1 methods are very close as well.

Table 2: predicted sound power level

LydB | AL, » dB
Measurement 87.3 -
VDI 2081 85.6 1.7
VDI 3731 88.7 1.4
Sharland 86.4 0.9

The power spectral density (PSD) of the measurement, the Koltzsch method and the simulation result
ofthe class 3 method are shown in Fig. 3. The black line is the measurement signal with a measurement
time of 30.0 s and the gray lines are sections of the measurement signal with the same length in time
as the simulation signal of 0.13s. The green line is the result of the Koéltzsch method. In the low
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Figure 3: Comparison of power spectral density from measurement, simulation and Koltzsch method

frequency range, the PSD is predicted to be slowly falling with a steeper slope above 1kHz. The
overall behavior is met, but no tonal components can be obtained with this method. The blue line is
the result of the class 3 method. It overestimates the PSD at low frequency, but represents the tonal
components of the signal. In the higher frequency range the PSD is underestimated. Above 6 kHz the
grid resolution is too coarse to resolve the acoustic waves.

CONCLUSION

In this setup, the prediction methods of class 1 show good agreement for the overall sound pressure
level. They are very easy to apply and need just rough information about the fan and its operating
conditions, but it can not be assumed that this good agreement can be transferred blindly to other ge-
ometries. Especially since this is a rather basic fan design without any geometry optimization. The
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class 2 methods need at least some information about the flow conditions that have to be gathered em-
pirically. The Sharland method predicts the overall sound power level even better. Due to the separate
description of the sound sources it can be stated that the main contribution is from the turbulent in-
flow. The Ko6ltzsch method gives a good behavior of the frequency distributed power spectral density.
Unfortunately, none of these methods can predict the tonal components of the fan. In contrast to that,
the used class 3 method can represent the tonal components but is highly expensive in computational
effort.
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