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SUMMARY 

Experimental investigation of flow-induced sound and sources of sound necessitates an 
adequate environment of low interfering noise and suppression of unwanted sources of 
sound. In order to investigate the sound from fluid-structure interactions, a low-noise wind 
tunnel has been designed and implemented. This paper gives an overview of the design 
criteria and specifications, along with an aeroacoustic and aerodynamic characterization of 
the facility. The suitability to airfoil self-noise studies is explored and first measurements 
with a model airfoil are presented. The paper concludes with suggestions for improvements 
and provides an outlook on future applications. 

CONCEPT AND DESIGN OF THE WIND TUNNEL 

Design Specifications 
A new small low-speed wind tunnel facility for aeroacoustic research has been designed and built in 
the Institut für Fluid- und Thermodynamik of the University of Siegen. The following operating 
conditions have been specified as desirable: The nozzle flow should have a uniform velocity 

distribution with max 30 m
su =  and a local turbulence intensity 2 0.1%TI u u′= <  in the exit-

plane, based on a square nozzle of dimension 133×133 mm2 (〈…〉 denotes time-averaging at a given 
location and therefore describes local quantities; the overbar denotes space-averaging over the 
described domain). The facility needs to be flexible, i.e. it is desired to have building-blocks that 
allow for a quick disassembly of the facility, since the anechoic room in which the wind tunnel 
terminates is also used by other test facilities. To leave room for improvements, the facility should be 
extendable to a certain degree and building parts should be easily interchangeable.  

Three different design configurations have initially been proposed [1], with the main difference being 
the choice of the muffler(s). For each design, the necessary parts and part dimensions have been 
selected, based on existing in-house knowledge and extensive literature reviewing. Pressure losses in 
the facility have been calculated to determine the appropriate driving fan. The final (and selected) 
design of the facility is presented here, including a description of the incorporated parts. This design 
was mainly guided by similar wind tunnels at the University of Notre Dame [2, 3] and the Technical 
University of Dresden [4]. Figure 1 shows a schematic of the wind tunnel facility. Two important 
flexible design criteria are present. First, the conception of the wind tunnel allows the implementation 
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of additional screens because the required elements are incorporated as building-blocks. In the same 
way, screens can easily be removed or exchanged. Second, sufficient space is available between the 
exit of the muffler and the entrance of the first elbow pipe of the S-shaped bend, to allow for the 
implementation of an additional splitter silencer, if required. We now describe the components of the 
facility which have been labeled in Figure 1. 
 

Figure 1: The new aeroacoustic wind tunnel facility (schematically, not to scale) 

I. The Semi-Anechoic Chamber 
The semi-anechoic chamber is lined with composite slab resonators, developed at the FRAUNHOFER 
INSTITUTE FOR BUILDING PHYSICS ([5], patent pending). These resonators are composed of two 
melamine resin foam slabs, 100 mm and 150 mm thick, partially separated by 1 mm steel sheets. The 
sheets absorb low frequencies at 50 – 100 Hz most effectively and reduce the required thickness of 
the foam slabs. The room has a low cut-off frequency of 125 Hz, the background noise level is 33 dB 
(overall sound pressure level, OASPL, in the frequency range 125 Hz < f < 12.8 kHz). Flow may 
recirculate through an opening in the reverberant floor covered by a grid. The chamber’s acoustic 
properties allow acoustic measurements according to ISO 3745 [6]. 

II. The Drive System 
The wind tunnel is driven by a ZIEHL-ABEGG centrifugal fan (type RG50T) with a variable frequency 
drive (YASKAWA Varispeed F7). The fan works at a maximum rotational speed of 1,395 min-1. It was 
selected to achieve the desired flow rate (V  = 0.54 m3/s), which yields a projected velocity of 

30 m
su =  at the nozzle exit (small nozzle, see section V. below) and to compensate for the cumulative 

(estimated) pressure losses (∆ploss ≈ 730 Pa) in the facility. The fan is located outside the laboratory 
environment and is decoupled from the muffler by a square elastic rubber channel-section to avoid 
transmission of solid body vibrations. 

III. The Muffler Design 

A muffler-diffuser combination is used, as shown in Figure 2. Our design has been strongly 
influenced by the specifications of the round cross-section muffler at the University of Notre Dame 
[2, 3]. The diffuser serves to gradually recover the static pressure from the fan flow. As evident from 
Figure 2, there is a fourfold increase of the cross-sectional area from inlet to outlet. From the cross-
sectional view, it can also be seen that the flow paths are surrounded by a kernel and a blanket of 
fiberglass (ρ = 50 kg/m3), which attenuate sound waves through absorption. The walls of the four 
flow channels consist of perforated sheet metal, with a transparency index 
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20.04(1 ) 14,187TPI taσ π= − =  (σ is the metal’s solidity, i.e. closed to total area in %, t is the 
thickness of the sheet and a the distance between the holes), which makes the surface acoustically 
transparent, according to [2, 3]. The sheet metal is covered with glass silk (50 g/m2) to avoid 
contamination of the flow by fiberglass. The inclination and the declination of the flow channels 
support a further attenuation of sound. These types of mufflers are widely used in aeroacoustic wind 
tunnels. 
 

Figure 2: Design of the muffler-diffuser combination 

IV. Flow Rectification and Turbulence Reduction  
A selection of five screens and one honeycomb is used for rectification of the flow and reduction of 
velocity fluctuations. The amount of required screens and honeycombs, the dimensions, the location, 
and the spacing between them, have been selected based on a literature survey. The following 
recommendations have been adopted: The reduction in axial and lateral turbulence by screens has 
been calculated from WIEGHARDT’s equation (see [7]), from which the number of required screens is 
determined. The effectiveness of the screen is essentially determined by two parameters: the 
Reynolds number Red based on the wire diameter, and the solidity σ, i.e. the ratio of solid area to 
total area. The dimensions of the screens should coincide with the restriction that σ < 50% and Red > 
40 (supercritical). For lower solidities, instabilities can occur due to jet coalescence [8]. For lower 
REYNOLDS numbers (subcritical screens), turbulence reduction is increased, with the penalty of a 
higher pressure drop. An arrangement of multiple supercritical screens is found to be superior to a 
single subcritical screen [8] and more practical (far less susceptible to dirt). The selected screens have 
a solidity of σ = 0.44, with a wire diameter of d = 1 mm (Red ≈ 222) and a mesh size of M = 3 mm. 
GROTH and JOHANSSON [8] have shown that directly downstream of the screen turbulence is 
increased due to vortex shedding from the wires and shear layer presence from the wire wakes. 
However, the turbulence decays rapidly and at >20M downstream reaches an isotropic state. The 
screen separation should therefore be larger than this initial decay region. Accordingly, the spacing 
between the screens (100 mm) was chosen to be  ≈ 33M. The honeycomb has a cell size of H = 5 mm 
and a depth of L = 30 mm, which is in accordance to the recommendation by MEHTA and BRADSHAW 
[7] (L/H = 6…8). The distance between the first screen and the honeycomb is <5C [9]. 

V. Contraction 
The aim of the contraction is to produce a uniform flow of low turbulence intensity [10]. Some 
critical design parameters are the relative contraction length L/D1, the contraction ratio A1/A0 and the 
contour D(x) [11], where “1” denotes the inlet plane and index “0” the exit plane. In general, the 
contraction should be as short as possible to limit extensive boundary layer growth. Yet, the 
contraction ratio should not be too high, to prevent boundary layer separation associated with the 
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adverse pressure gradient occurring at high curvature. Two interchangeable square nozzles have been 
manufactured with exit-plane dimensions of 133×133 mm2 and 180×180 mm2, i.e. contraction ratios 
of 9 and 4.9 with relative contraction lengths of 0.75 and 0.82, respectively. The chosen nozzle 
contour is of minimum curvature; it is described by two intertwining radii which meet at the 
matching point, located in the middle between nozzle entrance and exit. Figure 3 shows a scheme of 
the nozzle, along with the implemented final design. The actual nozzle exit-side (at D0) is extended 
by ∆x = 0.075D1 in length to obtain smoother exit conditions for the flow. 
 

  
Figure 3: Nozzle contour (left) and final assembly with coordinates (right) 

AEROACOUSTIC AND AERODYNAMIC CHARACTERIZATION 

Sound Pressure Measurements 
A single ½” B&K microphone (model 4190, 1 m from the middle of the tunnel exit, under 45° to the 
center line) was used to measure the SPL (sampling rate: 25.6 kHz, ∆f = 3.125 Hz) at the nozzle exit. 
Measurements were made with the empty muffler casing installed, the fully assembled muffler, and 
then the muffler with the small nozzle, each at the driving fan’s max. operating conditions. Figure 4 
(left) shows the results in comparison to the background noise level. 
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It is seen that the muffler reduces the SPL by 10-20 dB over the whole frequency range and also 
suppresses all higher harmonics of the blade passing frequency, except for the first one (~ 210 Hz). 
The SPL decreases for f < 300 Hz and increases for the remaining frequency range, when the nozzle 
is implemented. This increase is due to flow acceleration (u  ≈ 34.2 m/s) and interaction with the 
nozzle lips. Figure 4 (right) shows the velocity scaling for the two nozzles implemented (measured 
with M2, see Figure 7, without airfoil installed). As is evident, a desired velocity u  > 30 m/s is 
achieved with the small nozzle. This indicates that the pressure losses have been correctly estimated 
in the design stage and the driving fan is correctly chosen. 

Velocity Profiles and Turbulence Characteristics 
The flow field has been measured with a standard a 1-D hotwire probe (DANTEC 55P11, sampling 
rate: 20 kHz), for both nozzle sizes and for three different velocities. Some example plots of mean 
and turbulent quantities for the larger nozzle are presented in Figure 5. The extent of the potential 
core of the jet is identifiable from both graphs: the turbulent mixing region is indicated by the 
increased level of turbulence intensity, as well as the decrease in the mean velocity. Profile non-
uniformities, mainly at x/D0 = 0, may arise from manufacturing inaccuracies of the nozzle. The bias 
could also be due to the influence of S-shaped bend on the flow, since the small nozzle shows quite 
similar velocity profiles. Overall, the minimum turbulence intensity is found to be around 0.4% in the 
middle of nozzle exit-plane and increases to levels of 5%-15% in the outer skirt of the potential core, 
where intense mixing occurs. For airfoil experiments, the streamwise location x/D0 = 0.56 is 
important, since it marks the distance, where the airfoil leading edge will be located. At this distance, 
a turbulence intensity of around 0.36%-1% is present in the core region and the mean velocity profile 
is rather uniform as compared to the first plane. 
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Figure 5: 180×180 mm2 nozzle: Mean velocity profiles for three different free-stream velocities 
(left) and turbulence intensity profiles for max. free-stream velocity (right), both as functions of x 

 

However, higher turbulence intensities are also observed in the jet core; a look at the energy spectrum 
reveals that the turbulence is anisotropic in the core-flow and isotropic towards the mixing region. To 
elaborate this, the 1-D turbulence energy spectrum is needed, which is defined as follows ([12], pp. 
61-65): 

 ( ) ( )2 2 2

0

4 j f
x xxE f u R e d d u dfπ ττ τ

∞
−′ ′= =∫  (1) 

It is often non-dimensionalized by 
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 ( )
2

0 4x x

u
E

u

′
= Λ  (2) 

where u' is the fluctuating streamwise velocity component, Rxx is the streamwise autocorrelation 
function (i.e. the EULERIAN time correlation coefficient [12], p. 45). Ex is also referred to as the (one-
sided) power spectral density function (in dB/Hz, e.g. estimated via WELCH’s method, here obtained 
by the MATLAB® Vers. 7 routine pwelch [13] with a frequency resolution of ∆f = 2.44 Hz) and Λx is 
the streamwise integral lengthscale. The latter one is obtained from the integral timescale Λt by 
assuming time delay and streamwise separation to be interchangeable, i.e. x tuΛ = Λ  (TAYLOR’s 
frozen turbulence hypothesis; e.g. [12], pp. 46-47). The integral timescale is determined from 
integrating the autocorrelation function up to the first zero-crossing (τ = t*), i.e. 

 ( ) ( ) ( )
( )

*

2
0 0

t

t xx

u t u t
R d d

u t

τ
τ τ τ

∞ ′ ′ +
Λ = ≈

′∫ ∫  (3) 

Λx has also been calculated from the spectrum via Equation (2). Both methods led to almost identical 
results. The energy spectrum is compared to the VON KÁRMÁN spectrum [14] for isotropic turbulence, 
which reads (see also [15], pp. 696-701): 

 ( ) ( )
( )

( )
( )5 62

0 1 3
2

5 61

x x x
x

e
x e

E k fE f with
k uk k

π
Γ Λ

= =
Γ + 

 (4) 

A comparison of the obtained spectra and the autocorrelation functions for x/D0 = 0.56 is given in 
Figure 6. As can be seen, the spectra agree very well for the lateral locations y/D0 > 0.45, which 
substantiates the assumption that the nozzle flow is isotropic there. However, it is found that with the 
given sample rate (20 kHz) only the inertial subrange is resolved, with a typical KOLMOGOROV 
spectrum (-5/3 decay rate). The dissipation range, which exhibits exponential decay, is not resolved. 
Figure 6 shows that for a location far downstream in the mixing region and at lower velocities (data 
for big nozzle), this is different: for f > 2 kHz, the spectrum decays exponentially. A modified VON 
KÁRMÁN spectrum, which includes the exponential decay in the dissipation range, is obtained by 
multiplying Equation (4) with a non-dimensional function x ek kf e β

η
−=  that tends to unity for small 

frequencies ([15], pp. 232-238). This approach yields an excellent curve-fit for β = 0.01 (see red line 
in Figure 6, indicated by the arrow). This is very similar to the value β = 0.015 obtained by MOREAU 
and ROGER [16, 17] for the wind tunnel facility at Ecole Centrale de Lyon. The TAYLOR microscale 
λx, which is calculated from the autocorrelation function and also from the energy spectrum, can lead 
to some conclusions, concerning the smallest possible scales in the flow (KOLMOGOROV scales). It 
can be calculated via one of the following two relations (see [12],  p. 41): 

 ( )
2 2

2
2 22 2 2 2

00

1 1 1 2
2

xx
x

x x

R or E f f df
u u uτ

π
λ τ λ

∞

=

∂
= − =

∂ ′ ∫  (5) 

Again, both methods yield very similar results (± 0.3 mm). Assuming isotropic turbulence, the 
microscale allows the calculation of the dissipation rate ε. From this, the KOLMOGOROV lengthscale is 
obtained by [12, 15]:  

 ( )1 43 2 230 xwith uη ν ε ε ν λ′= =  (6) 

For the flow region, where isotropic behavior is observed, integral lengthscales decrease from Λx ≈ 
7.0…5.1 mm with a respective microscale decrease of λx ≈ 2.8…1.4 mm, for locations y/D0 = 
0.45…0.53. The calculated KOLMOGOROV scales decrease from η ≈ 0.06…0.035 mm, leading to 
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highest possible frequencies of 18.4…34.6 kHz. Obviously, these scales cannot be resolved because 
of the limited sample rate. Correction of spectra and dissipation rate, by accounting for finite wire 
length [18], does not change the order of magnitude of the observations. In the anisotropic jet-core 
(cf. Figure 6, y/D0 = 0.11), the integral lengthscale is around 30 mm, with λx ≈ 10 mm and η ≈ 0.2 
mm, yielding a maximum frequency of around 27 kHz. The same anisotropic/ isotropic behavior is 
observed for different velocities, as well as for the big nozzle flow-field, with data points at y/D0 > 
0.4 showing isotropic behavior. The big nozzle at maximum velocity (≈ 24 m/s), provides integral 
lengthscales of Λx ≈ 8.5…7.2 mm in the isotropic outskirt and around 20 mm in the jet-core. The 
principle observation is that the integral lengthscale decreases with increasing lateral distance y/D0 
from the center line, whereas the integral timescale increases (see Figure 6, right). It is worth to note 
that for all data points with isotropic turbulence, DRYDEN’s [19] model autocorrelation function 

t
xxR e τ− Λ=  almost perfectly fits the measured autocorrelation function. 
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Figure 6:  Turbulence energy spectra (left) compared to the VON KÁRMÁN spectrum (black lines) and 
autocorrelation functions (right)  for sample points (bn = big nozzle, sn = small nozzle) 

APPLICATION TO AIRFOIL MEASUREMENTS 

Experimental Procedure 

A NACA 6512-63 airfoil is mounted between two polycarbonate sideplates in front of the nozzle exit 
of the big nozzle, as depicted in Figure 7. The mock-up allows for angle-of-attack variations and its 
sideplates are flush mounted to the nozzle. The downstream edges of the sideplates are sharply 
bended away from the flow to avoid additional trailing edge noise. The airfoil has an aspect ratio of 
1.33, a REYNOLDS number based on the chord length (c = 135 mm) of Rec ≈ 2×105, and a leading 
edge distance to the nozzle exit-plane of 0.75c. Acoustic measurements are made with an 
arrangement of three ½” B&K model 4190 microphones. All microphones are placed at a distance of 
120 cm from the trailing edge. M1 and M2 are on opposing sides under a right angle to the airfoil 
chord line, whereas M3 is mounted on a rotating arm, with a reference state of 30° to M2. The airfoil 
wake flow is surveyed by a single 1-D hotwire probe (TSI 1210-T1.5, sampling rate 20 kHz) 
mounted on a 3D-traverse system, which is controlled by a local PC. Results are presented in the 
following two sections. 
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Figure 7: Airfoil mock-up and microphone arrangement for trailing edge noise measurements 

Trailing Edge Noise Measurements 
A critical issue in measuring the trailing edge noise is to distinguish it from other sound sources and 
from the facility background noise. In a first attempt, the signal of one microphone was used to 
obtain the SPL for the empty wind tunnel, for the mock-up installed in the wind tunnel, and for an 
airfoil installed in the mock-up. Figure 8 shows the SPL for these conditions. The frequency range 
where trailing edge noise is expected to occur (according to [20]) is indicated in the plot (left). 
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Figure 8: Left: SPL of M2 for different test arrangements with and without model airfoil and tripping 

(serrated tape). Right: SPL (40 cm from the trailing edge) of the airfoil with and without tripping (1.95 
mm wire) and with an artificially thickened trailing edge (1.95 mm wire attached) without tripping 

 

Figure 8 (left) shows a good signal-to-noise level for the desired frequency range. The recommended 
10 dB difference to the background noise level in the usable range is mostly fulfilled. For this 
condition, the OASPL is found to scale with u5.96, which is typical for a compact dipole source [21]. 
However, the spectrum exhibits numerous peaks in a zig-zag pattern, which are not expected and 
may be attributed to TOLLMIEN-SCHLICHTING instability waves in the laminar boundary layer on the 
airfoil [22], [23]. In order to obtain a fully turbulent boundary layer on both sides, the airfoil has been 
tripped by a serrated aluminum tape [24] of 290 µm nominal thickness and 5 mm width, on the 
pressure and suction side at 0.1c. As Figure 8 shows, the tripped airfoil results in much lower sound 
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emission, accompanied by a strong decrease in the signal-to-noise ratio. This leads to an almost 
unidentifiable trailing edge noise contribution, which has also been found by other investigators, cf. 
YU and JOSHI [25]. Accordingly, the signals from microphones M1 and M2 have been used for a 
correlation analysis to extract the noise that is radiated from the trailing edge of the tripped airfoil. 
The correlation and filtering technique of BLAKE and LYNCH [26] has been applied. It is assumed that 
trailing edge noise is of dipole character, with a phase of Θ12 = π between the signals reaching 
microphone M1 and M2 ([21], p. 490). Shear layer refraction effects [27] have been neglected in the 
analysis. In a first step, the cross-spectrum G12 between M1 and M2 is determined, with and without 
the airfoil installed in the mock-up. The spectra are compared, frequency by frequency. If the 
correlated airfoil noise for one frequency bin is less that 3 dB higher than the correlated background 
noise, this frequency bin is no longer considered to be assignable to trailing edge noise. For 
differences above 3 dB, the magnitude of the cross-spectrum background noise is subtracted from the 
magnitude of the cross-spectrum airfoil noise (which includes contributions from the airfoil and the 
facility background noise) for the frequency bin in consideration. With this, correlated background 
noise is eliminated and only correlated airfoil noise remains. For the frequency bins not rejected, the 
phase angle has been computed and if this value is in the range of 3/4 π < |Θ| < 5/4 π, it is assumed 
that the trailing edge noise mechanism with the known phase of π is the responsible source for this. 
Frequency bins outside this range are rejected. The result of this analysis in terms of the SPL is 
presented in Figure 9, for the tripped airfoil, and for comparison purposes, also for the untripped 
airfoil.  
 

 
Figure 9: Trailing edge noise extraction technique for the untripped (left) and tripped (right) airfoil; 
top: Cross-spectra from M 1 and M2, bottom: Extracted trailing edge noise in SPL (∆f = 3.125 Hz) 

 

It is worth noting that experiments with different tripping devices (sandpaper of different roughness, 
several layers of the serrated aluminum tape) lead qualitatively to the same result: the assigned 
trailing edge noise contribution is mostly concentrated in the region between 400 Hz and 2 kHz. A 
simple experiment shows that the peaks in the spectrum of the untripped airfoil are amplified (and 
slightly shifted) by artificial thickening of the trailing edge through attachment of a wire with dw ≈ 12 
times the trailing edge thickness (Figure 8, right). This strong amplification stems from the trailing 
edge and is found to be in the range 800 Hz < f < 2.5 kHz. This frequency match substantiates that 
the filtered SPL in Figure 9 (right) is truly the contribution from the trailing edge. Figure 8 (right) 
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also shows that even though the peaks disappear, the tripping is suboptimal, since it raises the SPL 
over a wide frequency range, due to the wire dimensions. Overall, the serrated tape was found to be 
the best choice for boundary layer tripping, since it imposes the least disturbance to the flow. 

Wake Flow Measurements 

A wake survey has been performed to acquire knowledge on the mean and turbulent wake 
characteristics. The measurements are used to describe the reference flow conditions for future flow 
control experiments associated with momentumless wakes and turbulence control. Some preliminary 
results are presented in Figure 10. 
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Figure 10: Mean and turbulent velocity profiles of the airfoil wake for different downstream 
locations from the trailing edge. Mean profile are measured from the wake center 

 

Figure 10 (left) shows the decay of the mean velocity deficit with downstream distance (~ x-3.3). High 
mean velocity deficits are associated with high turbulent intensities, as evident from Figure 10 
(right). The energy spectra reveal that turbulence is basically isotropic in the wake center region, with 
integral length scales continuously increasing from 3.6 mm to 60.2 mm at x/c ≈ 0 and x/c = 2, 
respectively. The turbulence at x/c = 1.5 and 2 is important, since these downstream locations are 
representative for a typical fan stage rotor-stator spacing in jet engines. The turbulence structure is 
responsible for broadband noise production, due to unsteady loading on the stator vanes caused by 
the impingement of the rotor’s turbulent blade-wakes. The high turbulence levels (4…8%), observed 
in Figure 10, are therefore indicative for potential broadband noise production. Nevertheless, the 
upwash turbulence spectrum (i.e. in y-direction) is required to assess the potential interaction-noise of 
the wake with a downstream stator vane [28]. This is part of an ongoing study. 

CONCLUSIONS AND OUTLOOK 

The aerodynamic and aeroacoustic performance of a new small wind tunnel was investigated. First 
measurements reported in this work indicate room for minor improvements concerning the flow 
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uniformity and turbulence. Basically, the nozzle contour or the design could be modified to achieve 
better overall flow uniformity. The latter seems to be most promising, since minor imperfections of 
the contour from the manufacture are indeed present and can have significant influence on the flow-
field. A more sophisticated nozzle contour [11] may yield a better flow field. Also, the turbulence 
may be triggered by the contraction contour, since vortex stretching occurs in the accelerated flow 
field [29]. The desired TI ≈ 0.1%, as observed in other wind tunnels [2, 3], [30] could not be 
achieved, but comparable levels (< 0.8%) to other established test facilities [17], [20]. The lowest 
measured level was 0.36%. Further turbulence reduction is possible through a change in the screen-
honeycomb combination, by (i) using a smaller cell-sized honeycomb, with a coarse screen placed at 
short distance upstream of it [31], with or without guiding vanes in the elbow pipes to support flow 
rectification; (ii) additional screens or changing the cascade by using a sequence of coarse to fine 
screens towards the nozzle [8]. In any case, a systematic study is required to evaluate the 
effectiveness of the suggested improvements. Nevertheless, the location where the airfoil is 
positioned shows a rather uniform velocity distribution and relatively low turbulence intensities 
(0.4%...1%). An additional silencer is not considered to be necessary, since most of the additional 
sound stems from the nozzle. Trailing edge noise measurements show that a correlation-filtering 
technique is required, as anticipated [26]. In future, fan blade sections will be investigated, with 
parameter variations to quantify and catalog the radiated sound. 
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