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SUMMARY

The work presented in this paper investigates mfleaence of the trailing edge on the noise

generated by a low Reynolds number mixed flow caspor. Several types of trailing edge

details have been evaluated in terms of aerodynamriformance and noise. Both numerical

and experimental methods have been performed &ss$ise different designs. The Sharpness,
a psychoacoustic metric, is used to evaluate tfextedf the vortex shedding on the sound

guality. A ‘wavy’ (sinusoidal) trailing edge geomgtshows an improvement in sound quality

when compared with straight trailing edge designsthermore, this design does not affect the
aerodynamic performance.

INTRODUCTION

Sound quality for domestic appliances is param¢ung]. In most air moving devices, the noise
emanating from the compressor represents a signifigcoustic source. The work presented in this
paper was carried out to assess the influenceedf#iling edge (TE) design on the noise generated

by a low Reynolds number mixed flow compresste € 10¢) used in the base of the Dyson Air
Multiplier™ desk fan, [3].

The noise generated from a trailing edge can beisfa two sources (illustrated in Figure 1):

» Turbulent Boundary Layer Trailing Edge (TBL-TE) sei— This is generated by the
turbulent boundary layer passing over the traigdge.

* Blunt Trailing Edge (BTE) noise — This is generatiexan von Karman vortex shedding over
the blunt trailing edge.
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Figure 1: lllustration of trailing edge noise sources for a sharp (a) and a blunt (b) trailing edge (from [4]).

TBL-TE noise is mostly broadband; however BTE nasenarrowband, centred on a dominant
frequency which can be determined from the Strotddationship as follows:
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Where f is the vortex shedding frequendy,is a characteristic length, aiflis the local flow
velocity. The Strouhal numbest) is non-dimensional and, for most low Reynolds bars airfoils
the vortex shedding will appear at approximatgly 0.2, [5].

Low Reynolds number flows on airfoils with bluntiling edges are known to produce vortex
shedding, however the laminar or turbulent boundayer regime is found to affect the noise
generated as described by [6, 7]. A mixed flow coeapor blade may act more like a flat plate,
potentially changing its associated Strouhal numbat the blunt trailing edge vortex shedding
phenomenon is still produced by the same flow gisydvioreau, in [8], has shown that the vortex
shedding phenomenon can occur at significantlyegffit Strouhal numbers of around 0.1.

Probsting, in [4], explains that a trailing edgeosidered blunt if the ratio between the thicknes
and the displacement thickness is greater thanBeRw this limit, blunt trailing edge noise is
deemed to be insignificant. For the thinnest tngiledge blade studied in this paper, the ratio is
>>0.3. It should therefore be considered blunt, @mtsequently will create significant BTE noise.

TBL-TE noise is always generated, and is the maicus of current serration trailing edge
treatments which aim to improve mixing. Appliedadurbofan blade, [9], the serration decreases
the noise by reducing the associated velocity nafetmities of the wake passing the stator leading
edge. Another example is the CFM56 gas-turbinenenghevrons on the core ducting trailing edge
which are found to improve the shear layer mixirgtree exhaust and reduce the associated
loudness, [10].

For high Reynolds number large scale machinesiréileng edge noise is generally only TBL-TE
noise, because the large scale allows for shaimé¢r&dges. However at the smaller scale of low
Reynolds number, the relative size of the trailatge to the chord is likely to be higher, and this
means that BTE noise becomes more dominant.

Compared with the high Reynolds number gas turbimgine applications, the effect of serrations
on lower Reynolds number wind turbines for examigldifferent. Instead of the longitudinal
vortices produced by the serrations increasingntheng of wakes or shear layers, they have the
effect of breaking down the von Karman vortex skgebduced by the blunt trailing edge. The
suppression of the von Karman vortex sheets regulésreduction in the vortex shedding noise.
There are numerous examples of serrated (othekni®&n as ‘saw tooth’) trailing edge patents for
wind turbines [11, 12].
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The non-dimensional coefficients associated with diesign point of the mixed flow compressor
under investigation are:
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WhereRe -1,rq 1S the Reynolds number defined by the chord aed¢hative velocity at the outlet
both at mid-spang is the flow coefficient andp is the head coefficien@ is the volumetric flow
rate,N is the rotational speed, is the wheel diametedp, is the total pressure rise apds the air
density. Three trailing edge geometries are evetbatimerically and experimentally in this paper.
An illustration of the three configurations is show Figure 2.

A 1

Figure 2: lllustration of the three trailing edge geometries, (lft) thin straight, (middle) thick straight and (right) wavy.

Re chora = 100,000

In the context of the mixed flow compressor unaeestigation, the thickness (t) and the relative
velocity (Vre) at the operating point mass flow rate vary alting blade span as described in
Table 1. The relative velocities are extracted frii®@ numerical approach described in the next
section.

Table 1: Details of the different trailing edge geometries.

Span Thin straight TE Thick straight TE Wavy TE
ocaton 1t mm) [ Vea (mis) | t(mm) | Va(mis) | t(mm) | Ve (mis)
Hub 0.40 19.8 1.00 20.1 0.40 19.5
Mean 0.35 22.4 0.95 23.6 0.35 22.4
Tip 0.30 20.2 0.90 20.2 0.30 19.9

NUMERICAL APPROACH

The different trailing edge geometries have beesessed using Computational Fluid Dynamics
(CFED). This investigation was carried out in ANSY¥&ient 15.0. The mesh was created using
geometry files generated in Concepts NREC AxCedtraashed in ANSYS TurboGrid 15.0. The

simulation was solved on a desktop PC using 10score

The key features of the mesh were to have a diroelesis wall distance (y+) around the blade of 1
and to refine the mesh in the wake region to capamy vortex shedding or wake structures
accurately. These specifications resulted in alsipgssage mesh of the mixed flow fan blade with
approximately 13.5 million cells. A detailed viewtbhe mesh is shown in Figure 3.
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Figure 3: Trailing edge, wake mesh detail and approximate location of wake pressure probe point (white cross).

The solution is initialised using Full Multigrid KFG) method and the SST d-turbulence model
with a mass flow inlet and pressure outlet bound@ihe mass flow inlet is set to the design point
mass flow whilst the pressure outlet is set to z&re whole domain is set with reference frame
rotation at the design rotation speed. Following BMG initialisation, the solution was run until
convergence of the inlet pressure was observed, that the inlet boundary could be switched to a
pressure inlet boundary whilst maintaining appraatiely the mass flow through the system.

Once satisfied that the initial steady state sofutivas converged, the solution was switched to
detached eddy simulation (DES) SSTwkand to transient. A time step of 2e-6 s was chdsen
ensure good resolution of the expected vortex shgdidequency. A probe point located in the
wake region was monitored to determine a vortexddimg frequency. To induce oscillation into
the flow, the inlet pressure boundary was decre&setiO time steps to a moderately lower value,
and then re-established at its original design tmmdvalue. This was enough to induce the vortex
shedding on the blade.

The vortex shedding can be seen on the velocityocos shown in Figure 4. An indication of the
vortex shedding could also be observed using theit@ron (spatial visualisation of vortices) in
the same region as shown in Figure 5.

Figure 4: Velocity contour for (left) the thin TE and (right) the wavy TE.
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Figure5: Q-criterion for (left) the thin TE and (right) the wavy TE.

A more objective representation of the vortex siegidtan be obtained by observing the wake
pressure fluctuation in the frequency domain. At plnobe point (illustrated in Figure 3), the time
series is extracted and the spectrum in frequepayath is calculated, the resulting signatures for
the three configurations are shown in Figure 6.
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Figure 6: Spectra of the wake pressure fluctuation, (left) linear and (right) logarithmic magnitude.

For both straight TE geometries, the vortex shagifiequencies are observed around 7.7 kHz and
4.7 kHz for the thin and thick TE respectively. Tlwavy TE exhibits a lower magnitude vortex
shedding at a frequency of 7.4 kHz which can beelesl on the logarithmic representation in
Figure 6 (right). With these frequencies, and tlkative velocities and thicknesses available in
Table 1, the Strouhal number can be approximate@lfaonfigurations (see Table 2). To assess
the accuracy of the numerical approach, a dedieatpdrimental evaluation is conducted.

Table 2: Strouhal numbers derived from the vortex shedding frequencies observed in the CFD.

Thin straight TE | Thick straight TE Wavy TE
0.11 <5t <0.16 0.19 <t <0.23 0.11 $t<0.15

EXPERIMENTAL EVALUATION

The experimental approach consists in assessing ctimpressor in isolation. The three
configurations were prototyped using stereolithpgsa(SLA) (see Figure 7). The prototypes were
balanced and tested using the same motor and Igousin
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Figure 7: SLA prototype of (left) the thin TE, (middle) the thick TE and (right) the wavy TE.

The measurements of the compressors in isolatior performed using a dedicated aeroacoustic
set-up following the ISO standards for aerodynap@dormance and acoustics measurements in-
duct [13, 14]. This set-up comprises of an oriffdate to measure the flow rate and an outlet
throttle to control it. Pressure taps and micro@sofitted with nose cones are located upstream and
downstream of the compressor placed in the middetian of the device. Aerodynamic
performance and acoustic measurements are perfagimedtaneously. Two anechoic terminations
are located at each end of the device to minimefeation. Pictures of the set-up are shown in
Figure 8. The measurements of the different comdijons e shown in Figure 9.

Figure 8: Aeroacoustic set-up with (left) the outlet throttle, (middl€) a microphone with its nose cone and (right) the full
device with the orifice plate and one anechoic termination at the foreground.
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Figure 9: Aerodynamic performance (left) and sound power level (right) for different configurations.

Figure 9 (left) shows that the performance of tbmpressors remains fairly consistent reaching a
maximum of 3.5% variation from the design pointmran acoustic perspective, the sound power



FAN 2015 7
Lyon (France), 15 — 17 April 2015

level generated by the thick TE is higher thanttthe other configurations at high flow coefficient.
At the design pointg = 0.037) the wavy TE and the thick TE are louder than tthie TE by
approximately 1 and 5 dB(A) respectively.

The aeroacoustic device has an internal diametek4df mm leading to a cut-on frequency of
approximately 1.4 kHz. Above this cut-on frequerttyg effect of the higher order mode may cause
some inaccuracies, it is nevertheless interestngnglyse the frequency content of these signals.
The narrow band analysis for a variety of flow sate shown in Figure 10 for all configurations.
For clarity each spectrum has been offset to eniphdise difference in signature amongst them.
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Figure 10: Acoustic spectra for a variety of flow rates for (left) the thin TE, (middle) the thick TE and (right) the wavy
TE. The operational flow rate is highlighted using a thicker line. An offset of 10 dB is set between each flow rate.

As the rotational speed is kept constant the flepethdant lump of acoustic energy decreasing in
frequency with decreasing flow rate can safelyrierpreted as a vortex shedding. This feature is
obvious for the thick TE and can be observed, koager extent, for the thin TE. Furthermore, the
thick TE is exhibiting a lower frequency vortex ddeng than the thin TE which is in line with the
CFD prediction. The wavy TE doesn’t show any vodbrdding feature.

At the operational flow rate, the vortex sheddinggtiencies are higher than that predicted by the
CFD leading to higher Strouhal numbers (see Fidgdrand Table 3). It is interesting to note that
the trend in terms of magnitude seems to be camtistith the CFD. The discrepancy in terms of
vortex shedding frequency between the CFD andxperanment is not clearly understood. The DES
CFD assumes a fully turbulent flow, which in theseaof low Reynolds number may produce
inaccuracies. A study of vortex shedding condubiedusoni, [15], has shown that by tripping the
boundary layer, thus reaching a fully turbulentimegy can produce a 20% reduction in the vortex
shedding frequency which could explain the diffeeebetween the CFD and the measurements.
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Figure 11: Acoustic spectra measured at operating flow rate for each configuration.
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Table 3: Vortex shedding frequency and Srouhal number derived from measurements.

Thin straight TE | Thick straight TE Wavy TE

Vortex shedding
frequency (H2)
Strouhal number 0.15 <S5t <0.20 0.27 $t<0.34 -

9800 6800 -

The vortex shedding has been reduced using the Wavyhe initial motivation for this work is to
assess the influence of the trailing edge geometryhe sound quality. The acoustic signature
induced by the vortex shedding generates a ‘hissiage; consequently the improvement of the
vortex shedding should be reflected in a lower ghess.

Sharpness is a psychoacoustic metric which measheehigh frequency content of a sound. A
sound which is too ‘sharp’ will be perceived as raggive. Sharpness is expressed in ‘acum’. A
value of 1 acum corresponds to the sharpness @frraw band noise centred at 1 kHz, with a
bandwidth equal to one critical band and a leve®tB, [16].

The sharpness has been measured on the outletpimaer® for all configurations. Measurements
have been carried out for a constant speed andetyaf flow rates and for a constant restriction
and a variety of running speeds. The former is dempnting the information given by the sound
power level (see Figure 9 (right)) and the latserapresenting the compressor as it will be used in
the product. Both measurements are shown in Fitire
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Figure 12: Sharpness for (left) a constant speed and (right) a constant restriction.

As expected it can be noticed that the thick TEda much larger sharpness than the two other
designs. At the operational flow rateb € 0.037), despite being slightly louder (see Figure

9 (right)), the wavy TE appears to sound marginslys sharp than the thin TE. For a given

restriction, this observation is verified on a widage of running speed ranging approximately
from 4.5 to 8.5 kRPM.
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CONCLUSION

An investigation on the influence of the trailindge geometry on the noise generated by a low
Reynolds number mixed flow compressor has beenumed. Three designs have been assessed
for aerodynamic performance and acoustics usingenical and experimental methods. The three
designs studied in this paper comprised of a thiaight TE, a thick straight TE and a ‘wavy’
(sinusoidal) TE.

A DES CFD simulation predicted the expected fregien of the vortex shedding for all
configurations. Despite exhibiting a similar trefedthe experimental results, the vortex shedding
frequency is underestimated by the CFD. Furtheikveor modelling the boundary layer regime is
suggested to improve the correlation between nualeaind experimental approaches.

The measurements showed that the three trailing edgigns did not affect the aerodynamic
performance. Out of the three designs, both sttargiling edge geometries were exhibiting strong
vortex shedding.

A psychoacoustic metric, the sharpness, was usedstss the influence of the vortex shedding on
the sound quality. Using this metric, the ‘waviting edge appears to be the less sharp and should
therefore be preferred over the straight trailimigee designs to potentially enhance the sound
quality of the Dyson Air Multipliel desk fan (to be verified throughout a dedicated ju
evaluation study).
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