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SUMMARY

A primary goal of the ventilation, air conditioning industry, and the automotive industry is the
reduction of noise emission to fulfill regulations and customer demands. The tip vortex, one of
the sources for a high sound power level, can be influenced by the blade sweep and design of
the blade tip geometry. This paper aims to investigate three different blade tip geometries or
winglets. By using basic designs, the fundamental influence on the behavior of the tip vortex
and the noise generation is shown. Aerodynamic (including performance curve and wall
pressure measurements) and aeroacoustic studies are carried out. The results of the different
blade tip geometries are compared to a baseline fan with available data.

INTRODUCTION

Fans serve a wide range of applications with respect to aerodynamic and geometric requirements.
They can provide large volume flow rates and low pressure rise coefficients. For newly designed
fans next to aerodynamic and geometric specifications, acoustic limits and minimum efficiency
requirements have to be taken into account [1].

The noise emission can be separated into four mechanisms [2]: steady-state (in the rotating
system), blade forces like lift and drag, flow displacement due to the blade thickness, and unsteady
blade forces. Unsteady blade forces can be further divided into unsteady inflow, secondary flow
phenomena, vortex separation, turbulent boundary layer, and other effects [3]. Considering its
spectral content the noise emission can be divided into discrete frequencies (blade passing
frequency, harmonics) and broadband noise (separations, turbulent boundary layer).

One of these sources is the gap vortex, which forms in the gap between blade and casing due to the
pressure difference between the suction and pressure side. Marcinowski (1953) [4] detected the
vortex in the frequency spectrum as a broadband phenomenon. As the gap width increases, the
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spectral width grows and shifts toward smaller frequencies. According to Khorrami et al. [5], the
noise emission is based on two mechanisms: the self-noise and the interaction of the vortex with
other blades. For single-row fans, a downstream stator is of no concern. But the interaction with the
subsequential neighbor blade is. Similar results are shown by Fukano and Yang, who measured the
velocity distribution and fluctuations of the blade tip vortex at different operating points using hot-
wire measurements. They were able to show that the blade tip noise is caused, on the one hand, by
the interaction of the vortex with the suction-side of the corresponding rotor blade, and on the other
hand, with the pressure side of the following blade [6]. The pressure difference of the blade defines
the strength of the vortex, while the shape depends on the shape of the tip gap. The initial idea is to
reduce the gap. Longhouse [7] showed that a narrow gap reduces the emitted A-weighted sound
level by up to 15 dB(A). Second, active methods and passive shaping options are possible to
influence the flow in the gap in a positive way. For example, installing a co-rotating ring around the
blade tip can reduce the sound level by up to 12 dB(A) [7].

A smaller gap is better, according to all research results [4-8]. However, the manufacturing effort is
significantly higher. Alternatively, the shape of the blade can be adapted at the tip to influence the
flow. Past studies investigated several different blade tip geometries. While Zhang et al. [9]
changed the blade tip in the radial direction; Corsini et al. [10] and Nashimoto et al. [11] showed
acoustic improvements with a thickened blade tip in axial fans. Zhang et al. [12] used a similar
design method for a diagonal fan. They showed experimentally and numerically minor influences
on the aerodynamic performance while achieving good acoustic results. In their papers [10-12],
they refer to the thickened blade tip as winglets.

Since winglets show a positive effect, further investigations are made in this paper. Therefore,
generic and geometrically simple winglets are designed and tested. The aerodynamic and acoustic
performance is discussed and compared to a baseline fan without winglets. As two effects of noise
emission occur regarding the tip vortex (self-blade-interaction and interaction with the neighbor
blade), the question is, which effect is more important and how they are affected by the winglet.

EXPERIMENTAL SETUP

Test facility

All measurements, except for the acoustic tests, were performed at a test rig at the University of
Braunschweig. Figure 1 shows the test rig. The test rig is a so-called inlet-side test chamber with a
free inlet and a free outlet stage installation [13]. Using a standard nozzle according to [14] at the
test rig inlet, the volume flow rate is measured. Further downstream, the volume flow is assumed
constant. Therefore, flow velocity and dynamic pressure can be calculated as functions of the cross-
sectional area. Flow straighteners and screens upstream of the fan ensure uniform flow conditions
for the test object.

Nozzle Honeycombs
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Figure 1: Low-pressure axial fan test rig at Technical University of Braunschweig
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The flow coefficient ¢ can be adjusted by a throttle in order to investigate different operating points.
An additional auxiliary fan is used to compensate for losses in the test rig. Thereby higher flow
rates can be achieved.

Inside the test rig the total-to-static pressure difference between the test chamber upstream of the
axial fan and ambient environment is measured. The measured Mach number in the fan is
below 0.2; therefore, the flow can be considered incompressible. A full-length nozzle upstream of
the fan with D,,,,1e = 503 mm was used for all measurements. A cylindrical tube with a constant
diameter extends the nozzle to measure the wall pressure close to the tip (see Figure 2 bottom right).
The motor and measurements for torque and rotational speed are installed upstream.

Fan

The baseline fan design (Fan 2.2) is described by Lindemann et al. [15]. The baseline blade has
aerodynamic airfoil sections designed under the specification of pressure rise and flow coefficient
and empirical curves for the meridional velocity. Furthermore, sweep in a pure axial direction
without shifting the blade in a circumferential direction (dihedral) was added. For this, all airfoil
sections of an unswept blade are shifted in the positive (back sweep) or negative (forward sweep)
direction along the airfoil chord direction. The arc angle 6 is defined using the form parameters
A=0.72and B=2,v=0.3 and 6,4 = 30° as:

8/8 — eA-RB _ eA-vB (1)

max

with R = 1“/rmaX being the non-dimensional radius. This method of introducing sweep can lead to

local discontinuities, especially in the curvature of the leading edge. Therefore, the profile is
smoothed with a digital 1D filter. The reduction of the profile load and thus of the work transfer
associated with the sweeping effect has to be compensated. In aircraft wing theory, a similar
reduction of lift and lift slope is well known. The respective profile sections are corrected by a cos¢
approach [16]. The result is a blade with increasing sweep towards larger radii, especially in the
outer region for R > 66 %.
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Figure 2: Fan V1 with "both-sides ” winglets (left), close-up of blade tip seen from leading edge (top right),
schematic structure of wall pressure measurements (bottom right)

Further tests with this fan were carried out by Skorpel et al. (Fan V1) using a variation with higher
blade thickness [17]. As a baseline fan, the thickened blade V1 is used in this paper, which is shown
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in Figure 2 on the left. V1 is a low-pressure axial fan with five blades. The blades have a constant
thickness of 4 mm and a maximum chord length of | = 190 mm. The non-dimensional tip clearance
in respect to the chord length s/l is about 1.6 percent. Further stage parameters are summarized in
Tab. 1. The Reynolds number Re = 4.5 - 10° is calculated with the chord length and tip speed.

Theoretically, a variety of parameters of the winglet design can be investigated. Still, a generic
winglet design was chosen. Thereby basic principles have been investigated, and the results can be
transferred more easily to different fan designs.

The winglets are manufactured using rapid prototyping. For simple assembly and easy adjustments,
the winglets are not only thickening the blade in the tip region but replacing a part of the blade tip
as well. Therefore, the blade diameter of the baseline fan has been reduced to 492 mm. A part of the
winglet replaces the outer blade and restores the original geometry. In total, four different winglet
geometries have been investigated. The "neutral” winglet restores the original V1 geometry. This
gives a comparison of test results using the original baseline fan and the fan with the restored
geometry using prototyped blade tips. The “pressure-side” and “suction-side” winglets thicken the
blade by 4.6 mm in the radially outer 4 mm of the blade in the corresponding direction. The fourth
winglet combines the pressure- and suction-side winglet and is therefore called “both-sides”. Figure
2 shows the installed “both-sides” winglet in the top right corner.

Table 1: Stage design parameters

Design point objective Formula Value Unit
Flow coefficient - v 0.23 1
R (D? — D2)D¢n '
Pressure rise coefficient Yis = 2 AP 0.19 1
°  p(mDn)?

A

Efficiency Nee = " TP 0.53 1

l:)mech
. : Dp

Hub to tip ratio V=oo 0.30 1
t

Rotational speed n 22.5 1/s

Measurements

Performance measurements

The definitions of the main parameters for characteristic measurements (volume flow rate, pressure
rise coefficient, and efficiency) are shown in Table 1. Due to the free discharge of the flow into the
pressure side environment, the dynamic pressure downstream of the fan is neglected for the
calculation of the pressure rise. The pressure rise coefficient and the efficiency are therefore
calculated as total-to-static. According to [18] and [19], the static pressure downstream of the fan
can be assumed to be ambient pressure. For a characteristic curve, around 25 operating points are
measured. Each operating point is the arithmetic mean calculated over 100 measurements. Thereby
fluctuations in the flow are canceled out.

Acoustic measurements

All acoustic measurements were performed at the combined performance and noise measurement
test rig of ZIEHL-ABEGG SE (see [20]) according to [21]. For the measurement, the fan is installed
in a wall in between two enclosed and anechoic rooms. The rooms are connected by an air circuit
which minimizes external noise and feedback effects. The noise emission is measured using



FAN 2022 5
Senlis (France), 27 - 29 June 2022

microphone arrays mounted on the suction and pressure side in the far-field of the fan. The
difference between suction and pressure side measurements is low. Therefore only results of the
pressure side are shown, including A-weighted sound power levels and one-third octave bands.

Wall pressure measurements

Figure 2 (bottom right corner) shows the basic structure of the wall pressure measurements. A high-
resolution pressure sensor (Kulite XCS 190(M)) is embedded perpendicularly in the tube wall to
investigate the tip vortex. The pressure recorded at 1024 positions per revolution is averaged over
64 revolutions at 90 axial positions at an axial distance of 1.5 mm each. The axial position is
adjusted using a traversing unit with a stepper motor. An incremental rotary encoder is installed in
the driveshaft to synchronize the measurements in the circumferential direction. The encoder gives
a reference signal and 1024 clock signals per revolution. Thus, fluctuations in speed do not affect
the measurement results. 1024 measurements per revolution lead to an angle resolution of 0.35°.
The measurement signal from the sensor is amplified and recorded using a transient recorder. The
measured voltage signal of the pressure sensor is converted into a pressure signal, using the
calibration of the sensor after the measurement. The pressure coefficient is calculated with respect

to the tip velocity at the casing:
2-p.(x,U
Cp = pC(X )/p . u% (2)

RESULTS

Performance curves
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Figure 3: Characteristic and efficiency of all winglet configurations and V1

Figure 3 shows the performance curves of all winglet configurations. The performance of V1 and
“neutral” winglet differ from each other. The “neutral” winglet has a reduced efficiency starting
from about ¢ = 0.27 towards partial load. Furthermore, the pressure rise is lower beginning at the
design point. It is assumed that the tip gap width is responsible for this effect. The cast geometry of
the V1 has a varying tip gap width between 2.5 and 3.0 mm, with a mean value of 2.7 mm. The
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blades with installed winglets have a constant gap width of 3.0 mm. The smaller gap leads to a
higher pressure rise and thus also to an increased efficiency [22]. Consequently, the reference of the
“pressure-“, “suction-“ and “both-sides” winglets is the “neutral” winglet in order to neglect the
influence of the tip gap width when evaluating the winglet effect.

Along the entire range, the characteristic curves of the winglet configurations (“pressure-*,
“suction-“, “both-sides™) are similar regarding pressure rise and efficiency. Compared to the
“neutral” winglet, they have a reduced pressure rise and efficiency. At the design point, the pressure
rise is 2 percent lower, while the efficiency is decreased by 1 percentage point. This difference
decreases for higher flow rates. The winglets have a neglectable impact on the integral values of the
characteristic curve. A more complex-shaped winglet may reduce the disadvantage.

Acoustic measurements
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Figure 4: Pressure side measured A-Weighted sound power level of all winglet configurations and V1 (a),
One-third-octave band of all winglet configurations for ¢ = 0.27 (b); ¢ = 0.23 (c); ¢ = 0.21(d)

10°

Compared to the “neutral” winglet, a reduction in the noise emission for the “suction-” and
“pressure-" side winglets can be seen in the A-weighted sound power level (see Figure 4 (a)). The
positive effect occurs at overload (high ¢) up to the design point. At partial load (low o), this
advantage over the “neutral” winglet is lost for the “suction-side” winglet but continues for the
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“pressure-side” winglet at lower volume flow rates. At the design point, the “pressure-side” winglet
has a lower sound power level of approximately 1.5 to 2 dB compared to the “neutral” winglet and
can compete with V1. This reduction is quite significant compared to the small dimensions of the
winglets. Compared to the reference V1, all winglet variants have a higher sound power level over a
wide range of the characteristic curve. Only the “pressure-side” winglet can compete with the
acoustics of V1 at design flow rate and the “suction-side” winglet for high volume flow rates.
However, as stated before, the direct comparison between the winglet variations and the “neutral”
winglet is more appropriate. Therefore, for the one-third-octave band figures, V1 is removed from
the analysis.

The results of the one-third-octave band analysis are shown in Figure 4. In overload (¢ = 0.27 in
Figure 4 (b)), all curves show a similar trend for the first and second harmonics. In the broadband
frequency range between 400 and 1500 Hz, the curves have differences. The “pressure-side”
winglet has the lowest sound power level, followed by the “suction-side” winglet. This trend can
also be seen at the design point (¢ =0.23 in Figure 4 (c)) for the “pressure-side” winglet. The
“suction-side” winglet deteriorates the noise emission in the broadband range at further throttled
operating points. This observation corresponds to the sound power sum results as the “suction-side”
winglet loses the acoustic advantage faster. Yet, a reduction in tonal frequencies can be seen for all
winglet configurations at the design point. The “pressure-side” winglet has the lowest maximum
peak, at about 68 dB. In comparison, the first harmonic of the “neutral” variant has a value of over
70 dB. Thus, there seems to be an influence potential for the tonal versus the broadband noise
component by the winglet design. Optimization of the winglet geometry may reduce the tonal
components even further. In partial-load (¢ = 0.21 in Figure 4 (d)), the overall noise emission of all
configurations (“pressure-“and “suction-side”) is significantly increased compared to the “neutral”
winglet. Only the “pressure-side” winglet can compete with the “neutral” winglet in broadband
frequencies. Again this fits the sound power level measurements well.

Further investigations are carried out for the “pressure-side” and “suction-side” winglets in order to
get a better understanding of the mechanisms leading to the advantages.

Wall pressure measurements

In Figure 5, the results of wall pressure measurements are shown. Blue areas indicate an area of low
pressure on the suction side of the blade, while red areas indicate a slight over-pressure. Notice that
the scale is shifted asymmetrically, to indicate c, = 0 as white areas. The rotating blade can be
identified by the sharp-edged transition between areas of high and low pressure. The tip vortex can
be identified as a bluish area above the blade. The main flow direction is from left to right.

Figure 5 (a-c) shows the comparison of c,-distributions of different winglet variants at the design
point. The tip vortices of the “pressure-side” and the “suction-side” winglet are more stable,
stronger, and dissipate later. The tip vortices of the “pressure-side” winglet are the most stable
(relative to the circumferential position). The turbulence of a decaying vortex may induce as
broadband noise. Therefore, the more stable vortex may be the reason for the better broadband
noise results of the winglets at the design point (see Figure 4 bottom left).

Further, the pressure difference across the tip gap is considered. The “neutral” winglet shows the
highest pressure difference. The “pressure-side” winglet shows a lower pressure rise on the blade's
pressure side (light red area) while the pressure drop on the suction side of the “suction-side”
winglet (light blue area) is reduced. The vortex region of “pressure-* and “suction- side winglets is
shifted away from the blade. Thus, the vortex regions are bigger compared to the “neutral” winglet.
The shift is confirmed by additional measurements of high-resolution pressure probes that have
been embedded in the pressure and suction side surface of a blade. With installed winglets the
pressure amplitude on the suction side of the blade decreases. Presumably the geometry of the
winglet causes the shift of the position of the vortex. The distance between the blade and the axis of
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the vortex increases. The greater distance reduces the interaction of the vortex with the blade itself,
which reduces the sound power level. Even the “pressure-side” winglet can influence the position of
the vortex on the suction side. Therefore, the interaction of the forming tip gap vortex with the
vortex-generating blade has a more notable effect on the acoustics than the interaction of the
impacting vortex on the subsequential blade.
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Q4 03 02 01 00 01 Q04 03 02 0 00 01

Newtral winglel Pressure shile Nuethon shde =127 g =013 =01y
POy - NO1, DO, N0,

el on

n

Figure 5: Wall pressure comparison at design point (a-c); processing of wall pressure of “pressure-side” winglet (d-f)

The “pressure-side” winglet is the most interesting regarding its acoustic effects. Therefore, three
different operating points are shown for the “pressure-side” winglet in Figure 5 (d-f). For high
¢ =0.27 (d), the tip vortex starts at about 20 percent chord length. The vortex boundary is distinct,
and the vortex trajectory does not hit the neighbor blade in any of the configurations investigated.
At the design point (e), the vortex trajectory is straightened up compared to the overload (d). The
beginning of the vortex shifts to the leading edge, while the vortex of the “neutral” winglet still
starts at about 20 percent chord length (a). The trajectory is not affected thereby.

In partial load (f), the trajectory moves away from the blade even further, the vortex bursts, and
loses its shape. The boundary of the vortex area is no longer visible. The vortex dissipates before it
can reach the neighbor blade. The burst vortex increases the turbulence in the flow field. The
increased turbulence leads to increased broadband noise. Comparing “neutral” and “pressure-side”
winglets, the vortex of the “neutral” winglet in partial load, is much more stable and distinct. The
pressure rise over the blade rises with decreasing flow coefficient, corresponding to the
characteristic curve shown in Figure 1.

Additional Particle-Image-Velocimetry studies confirm the wall-pressure measurements regarding
the dissipation and trajectory of the tip gap vortex. Since they give no additional insights, they are
not further discussed in this paper.

SUMMARY AND CONCLUSION

This paper aims to investigate the influence of generic winglets on the tip gap vortex of low speed
axial fans. Therefore, three different winglet designs have been investigated. The results are
compared to a baseline fan (V1) and a "neutral” winglet configuration.
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A qualitative connection between the local design of the blade tip and the effects on the tip gap
vortex on the one hand and the acoustics, on the other hand, has been shown. A 3D design (winglet
or local dihedral) essentially leads to a less distinct vortex area. The difference in the vortex shape
leads to a reduction of tonal and broadband components in overload. At partial load, the positive
effect on the broadband noise is reduced so that both effects compensate each other up to
overcompensation.

At overload up to the design point, a reduction of the sound power level for the “suction-side” and
“pressure-side” winglet has been shown. In the one-third octave spectrum, the reduction is
essentially coupled to tonal components. This improvement has a rather broadband character at
partial load. For both configurations, the tip gap vortex does not interact visibly with the pressure
side of the neighbor blade. Thus it is deduced that the interaction of the vortex with the blade
suction side is the more significant noise source. The comparison of the upstream and downstream
sound power levels confirms this conclusion. The design of the blade tip influences the strength of
the tip vortex and its interaction with the blade.

The winglets have a measurable impact on the fan, although their geometrical size. They reduce the
aerodynamic performance but can reduce noise. Thus further investigations of the tip gap design
and the tip vortex have the potential of further improvement of low-pressure axial fans. If the design
of the winglet is further improved, the aerodynamic disadvantages may even become negligible.
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NOMENCLATURE
AB Form parameters u Rotational speed
Cp Pressure Coefficient U Circumferential position
D Diameter qv Volume flow rate
Lw(A)  Sound power level (A-weighted) X Axial coordinate
I Chord length A Difference
n Rotational speed ) Arc angle
p Pressure n Efficiency
P Power Y Hub to tip ratio
R Nondimensional radius p Density
Re Reynolds number 0] Flow coefficient
S Tip clearance 1} Pressure rise coefficient
Subscripts
c Casing ps Pressure side
h Hub t Tip

mech Mechanical ts Total-to-static
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