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Résumé
Les souffleries à jet ouvert souffrent souvent de fluctuations de pression à basse fréquence et à forte amplitude, liées aux
modes résonants du circuit. Généralement, ces fluctuations sont contrôlées à l’aide de générateurs de tourbillons de tuyères,
de résonateurs de Helmholtz, de la conception des collecteurs, de l’annulation active du bruit et de diverses autres méthodes.
L’objectif de cet article est d’évaluer une connexion de rétroaction passive (PFC) pour une utilisation dans une soufflerie aéro-
acoustique. Le PFC peut réduire les fluctuations de pression à haute amplitude et basse fréquence dans le circuit de la soufflerie.
En outre, le PFC peut également réduire les fluctuations non périodiques des vitesses du vent, c’est-à-dire les fluctuations de
pression non associées aux modes résonants. Le PFC a obtenu ces résultats sans modifier de manière significative le gradient
de pression statique axiale dans la soufflerie.

Mots clefs: Fluctuations de la pression en soufflerie, Connexion de rétroaction passive, Modèle de soufflerie

Abstract
Open jet wind tunnels often suffer from low-frequency, high-amplitude pressure fluctuations which are related to resonant
modes within the circuit. Typically, these fluctuations are controlled using nozzle vortex generators, Helmholtz resonators,
collector design, active noise cancellation, and various other methods. The goal of this paper is to evaluate a Passive Feedback
Connection (PFC) for use in an aero-acoustic wind tunnel. The PFC can reduce the high-amplitude low-frequency pressure
fluctuations in the wind tunnel circuit. In addition, the PFC can also reduce non-periodic fluctuations in wind speeds, i.e.
pressure fluctuations not associated with resonant modes. The PFC achieved these results without significantly altering the
axial static pressure gradient in the wind tunnel.

Keywords: Wind tunnel pressure fluctuations, Passive Feedback Connection, Model Wind Tunnel

1 Introduction
Wind tunnels are an important tool for the development of
new vehicles. Automotive companies perform extensive ae-
rodynamic, aero-acoustic and thermal testing on new vehicles
to bring about improvements in efficiency, comfort, safety,
and to show compliance with government regulations. With
its combination of an open jet representing the unbounded
free flow and solid floor representing the ground, the 3/4th

open jet test section is the most common configuration in
aero-acoustic wind tunnels, preferred for its open access to
the test vehicle and its avoidance of near-field acoustic boun-
daries. When the air flow exits the nozzle, it interacts with
the low-speed air in the plenum. As a result, a shear layer
develops around the core of the jet between the nozzle and
the collector. Small-scale vortex structures originate from the
trailing edge of the nozzle, which are transported downstream
towards the collector at approximately 65% of the velocity
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of the jet [1]. These vortical structures evolve as they move
downstream, which changes their associated frequencies. If
the frequencies of these vortices match the resonance fre-
quencies of any of the modes of the wind tunnel, high am-
plitude pressure fluctuations can be created.

There are four possible resonant conditions which can
exist inside an open-jet closed-circuit wind tunnel [1–3].

— The complete wind tunnel circuit can resonate with
frequencies associated with organ pipe modes.

— The vortices generated from the edge of the nozzle
can impinge on the collector, which can send a pres-
sure disturbance upstream. This pressure disturbance
can generate additional vortices, setting up an edge-
tone feedback loop.

— The volume within the test section plenum can reso-
nate.

— The combination of the nozzle and the test section
plenum can act as a Helmholtz resonator, causing a
resonance.

The low-frequency high-amplitude pressure fluctuations
can degrade the quality of aerodynamic and acoustic measu-



rements in the wind tunnel and therefore must be minimized.
Typically, a wind tunnel will be designed with several fea-
tures or devices to minimize the pressure fluctuations. This is
achieved by altering the strength and frequencies of the vorti-
cal structures in the flow, or by changing the geometry of the
wind tunnel to passively target the resonant modes.

Several methods of controlling the low-frequency pres-
sure fluctuations have been investigated. Passive control of
the pressure fluctuations can be achieved by installing angled-
blade vortex generators on the lip of the nozzle. The vortex
generators are effective in breaking up large coherent vor-
tex structures. However, they generate smaller vortical struc-
tures which produce high frequency noise. They also induce
a vena-contracta type flow at the exit of the nozzle which
produces a negative axial pressure gradient. These two fac-
tors make the use of angled-blade vortex generators unsui-
table for application in many aerodynamic and aero-acoustic
wind tunnels. In contrast, Blumrich et.al. [4] have developed
a different vortex generator design which largely avoids the
pressure gradient and noise contributions.

Rennie [1] investigated the effect of jet length on the low-
frequency pressure fluctuations. The length of the jet in a pi-
lot wind tunnel was varied by inserting spacers between the
test-section diffuser inlet and the collector flaps. It was found
that at a given wind speed, the jet pulsations frequencies were
found to scale with the jet length. As the jet length is increa-
sed, the thickness of the downstream shear layer increases,
which increases the turbulent energy. The amplitudes of the
pressure fluctuations can be significantly reduced by selecting
the ‘correct’ jet length, which is usually small. In practice,
this is difficult to implement since the length of the test sec-
tion is designed to suit the size of the intended test objects,
and it is desirable to have the longest possible test section
length.

Rennie [1] also investigated a collector design for the mi-
nimization of pressure fluctuations by using simple, rectangu-
lar flaps with bell-mouthed leading edges. It was found that
the amplitude of the pressure fluctuations was sensitive to the
collector inlet area. A larger collector was found to reduce the
coefficient of overall unsteady pressure fluctuations (Cp,rms).
A similar observation was also reported by Kudo et al. [5] and
Wiedemann et al. [6] who found that the aerodynamic noise
decreased when the collector area was increased. Kudo et al.
however noted that increasing the collector area increases the
pressure loss in the wind tunnel circuit. Therefore, the noise
reduction from increasing the collector area should be wei-
ghed against the increased power demands from the main fan.
The change in the geometrical shape of the collector can also
have an impact on the pressure fluctuations. Such geometrical
changes include modifying the collector wall angle, collector
flap angle, collector leading edge geometry, changing the gap
between the collector flaps and the diffuser. Changing any of
the above aspects of the collector design may also have an
impact on the axial static pressure gradient, and care must be
taken during the collector design process to balance all the
requirements of a wind tunnel.

Helmholtz resonators have been used successfully to at-
tenuate pressure fluctuations arising from the coupling of the
shear layer vortex frequencies and resonant modes in the cir-
cuit or test section [2,7–9]. A Helmholtz resonator is compri-
sed of a cavity with a neck connected to it. When a Helmholtz
resonator is excited, the volume of fluid within the neck os-
cillates while the pressure of the fluid within the cavity fluc-
tuates at a certain frequency. The absorption of sound within
the resonator occurs due to various mechanisms. There are
viscous losses along the neck, as well as along the front wall
of the resonator. There are also thermal losses at the wall
of the resonator cavity. There may also be some non-linear
losses due to circulation effects and turbulence, specially in
the presence of very high sound intensities. [10, 11]

The sizing of resonators follow the theoretical and ex-
perimental background provided by Ingard [11], Selamet and
Lee [12] and others [13–15]. The key parameter is the na-
tural frequency of the resonator, which is given by f =
c
2⇡

q
S

(l+�)V . Here, f is the tuning frequency of the resonator,
c is the speed of sound, S is the area of the neck, l is the length
of the neck, � is an adjustment to the neck length which is
equal to 0.85 x the neck diameter, and V is the cavity volume.
The relatively narrow bandwidth of these devices means that
several resonators tuned to different frequencies can be requi-
red.

A Helmholtz resonator can be connected to the wind
tunnel airline at the plenum or elsewhere in the circuit. To
deal with a resonant mode, the resonator should ideally be
connected at the location of the anti-node where the velo-
city of the oscillation is largest ; though this location is not
straightforward to determine. A full-scale wind tunnel has
numerous constraints on the resonator location and sizing
due to architectural needs, other sub-systems, and geometri-
cal constraints. As a result, the resonators considered for the
full-scale wind tunnel have shapes and locations which are
not typically represented in the literature. Therefore, model-
scale testing is often used to characterise the effectiveness of
the resonators before they are implemented in the full-scale
tunnel.

Beland [7] also investigated the use of a pressure com-
pensation channel to reduce the low-frequency pressure fluc-
tuations. When a standing wave is established in the wind
tunnel circuit (which causes pressure fluctuations), there are
fixed locations of maxima and minima (or nodes and anti-
nodes) in the sound pressure. By connecting these nodes and
anti-nodes of pressure with a duct, the overall sound power
associated with the standing wave can be decreased. With the
decrease in the strength of the standing wave, the activation
mechanism of vortex generation in the edgetone feedback is
damped, which reduces the strength of the resonance in the
wind tunnel. Beland [7] found that the standing wave had a
node right before corner 1 (the corner immediately downs-
tream of the test section), while the anti-node was present in
the test section. By connecting these two locations with an
external compensation channel, the overall Cp,rms levels were
decreased. It was noted that the compensation channel chan-



ged the static pressure distribution in the vicinity of the col-
lector. To correct the pressure distribution, the collector angle
had to be increased by 10�. The size and the form of the com-
pensation channel opening close to corner 1 had a great in-
fluence on the performance of the device, while the opening
in the test section chamber played a subordinate role. The
compensation channel concept was ultimately not implemen-
ted in the full-scale tunnel at FKFS to avoid making expensive
structural changes to the wind tunnel building.

Another similar technique was used by Wang et al. [9]
in a model scale wind tunnel at Tongji University by using
the principle of sound wave interference. One end of a pipe
was connected to the test section. At some distance along the
length of the pipe, an interlink was made with the wind tun-
nel airline, creating two pipe segments. As an incident sound
pressure field hits the open end of the pipe in the test section,
some of the energy is transmitted into the pipe, while some
energy is reflected off the open end, as well as from the end
of the pipe. The properties of the pressure field coming out of
the interlink can be determined by fixing the length of the two
segments. The incident pressure field can then be attenuated
by using destructive interference from the interlink pressure
field. It was found that the sound interference method decrea-
sed pressure fluctuations in certain frequency bands, while
increasing them in other bands.

Wickern et al. [3] used a 1/20th scale pilot wind tunnel
to investigate the use of an Active Resonance Control sys-
tem (ARC). Real time measurements of the pressure fluctua-
tions were made using a microphone located in the test sec-
tion. The phase of the measured signal was shifted, and it is
played back through a loudspeaker placed in the return leg of
the wind tunnel such that the pressure fluctuations could be
attenuated. When the ARC system was implemented in the
full-scale Audi aero-acoustic wind tunnel, 23 dB, 20 dB, and
15 dB reductions in the sound pressure levels (SPL) of reso-
nances at 2.4 Hz, 3.9 Hz, and 6.8 Hz were found. The benefit
of the ARC system is that a single space efficient system can
dampen pressure fluctuations at multiple frequencies.

Many other devices and techniques have been extensi-
vely studied by many researchers. The current paper, like the
approaches taken in [7,9], considers a geometry change whe-
reby a passive feedback connection between the first cross-leg
and the test section plenum within the circuit is used to alter
these low-frequency pressure fluctuations. The duct sets up a
passive feedback mechanism to attenuate the low-frequency
high-amplitude pressure fluctuations.

2 Test setup
Aiolos has found that the optimization of a wind tunnel cir-
cuit to minimize low-frequency pressure fluctuations is best
performed in conjunction with wind tunnel tests rather than
relying only on analytical or finite element methods, parti-
cularly when design constraints limit the application of pre-
viously successful geometries. Scale model tests with a full-
circuit Model Wind Tunnel (MWT) have been used to effecti-
vely identify and correct low-frequency pressure fluctuations

present in a full-scale tunnel [16]. The magnitudes of the fluc-
tuations generally match between full and model scale, while
the frequencies scale linearly with the geometrical scale of
the MWT. This approach was taken in the development of
a new aero-acoustic wind tunnel for BMW, leading to a test
program using a 1/10th scale MWT of the planned full-scale
facility.

For the design of the BMW full-scale tunnel, only pas-
sive approaches were considered. This is because passive de-
vices (resonators and PFC) are mechanically simple with no
moving parts. Once they are tuned correctly, they can be ex-
pected to always function without failure. The downsides of
using a passive approach are the large volume requirement
for the resonators, especially for the control of low-frequency
fluctuations, and the complications of tuning such large de-
vices. In the case of the BMW wind tunnel the tuning was
addressed with reduced scale model wind tunnel tests.

Since the interest for these tests was related to a full-
scale automotive aero-acoustic wind tunnel, the values given
in this paper are generally converted to their equivalent full-
scale values. This scaling was applied using the 1:10 scale
factor on frequency and length dimensions ; the wind speeds
were not scaled.

A 3D rendering of the MWT is shown in Figure 1. The
MWT was a close geometrical representation of the planned
full-scale circuit but without any acoustic treatment except in
the fan region. The 3/4th open jet test section had a nozzle size
of 0.4 m x 0.625 m. At the end of the test section, a collector
with bell-mouth inlet leading edge was used to divert the flow
into the diffuser. Four large resonators with variable geometry
were included in the model scale tunnel. The volume of the
resonators could be modified, as well as the geometry of the
connection between the resonators and the wind tunnel cir-
cuit. The resonant frequencies of resonators 1, 2 and 4 were
between 1.2 Hz to 1.8 Hz. These three resonators were coun-
teracting the dominant second organ pipe mode within the
full-scale circuit, which is approximately 1.6 Hz. Resonator
3 was tuned to counteract resonance around 3.2 Hz, which
corresponded to the fourth organ pipe mode. The MWT in-
cluded a connection path between the first cross-leg (located
downstream of the first corner) to the rear wall of the test sec-
tion plenum, termed the Passive Feedback Connection (PFC).
The influence of the PFC on the pressure fluctuations in the
tunnel is the subject of this paper.

2.1 Determination of Cp,rms

The low-frequency pressure fluctuations in the MWT were
measured with a GRAS Type 40 AN microphone and GRAS
Type 26 AK preamp located out-of-flow at a location equiva-
lent to mid-length and the height of a car in the full-scale test
section. This arrangement provided a ±1 dB response down
to 1 Hz and ±2 dB down to 0.5 Hz (which are 0.1 Hz and
0.05 Hz equivalent full-scale). A foam wind screen was used
to reduce the self-noise of the microphone. The pressure si-
gnal was recorded at a sampling rate of 800 samples/s for 300
seconds. The signal was converted to the frequency domain



Figure 1: A 3D rendering of the model wind tunnel (MWT)

with 12801 intervals and a 312.5 Hz bandwidth by breaking
the time-series into 7 non-overlapping segments, leading to
a frequency interval of 0.024 Hz (0.0024 Hz equivalent full-
scale) for each segment. A Hanning windowing function was
applied to reduce the spectral leakage with the Hanning win-
dow correction applied to obtain the correct amplitude of the
pressure power spectrum. The seven spectra were combined
using rms averaging. Overall Cp,rms values were determined
by integrating the spectral Cp,rms distribution over the full-
scale frequency range of 1 Hz to 20 Hz, and were the primary
measure of the low-frequency pressure fluctuations in the test
section. The sound measurements reported in the paper are
not weighted (i.e. flat response) over the full frequency range.

2.2 Wind speed measurements
The test section wind speed was inferred by measuring the
pressure drop across the contraction. The pressure drop was
measured using a Scanivalve differential pressure scanner
(model DSA3217 16Px) connected to two pneumatically ave-
raged static taps installed in the settling chamber downstream
of the flow conditioning devices, and two pneumatically ave-
raged static taps in the plenum. These contraction pressure
drops were correlated to the actual wind speeds in the test
section by first calibrating the wind tunnel with a bent-stem
Pitot-static probe located at the equivalent vehicle center lo-
cation. The pressure scanner sampled the pressure at 10 Hz,
equivalent to 1 Hz full-scale. The time series results from
these measurements were used to determine the wind speed

variability and unsteadiness over the duration of a test.

2.3 Axial static pressure gradient measurements
The axial static pressure gradient was measured using a single
bent-stem Pitot-static probe which was traversed at a low
speed over the axial length of the test section. The axial pres-
sure gradient was obtained by fitting an appropriate order po-
lynomial to the pressure coefficient data and differentiating
the curve fit equation to obtain the local gradient.

2.4 Passive Feedback Connection (PFC)
A sketch of the MWT circuit is given in Figure 2, which
shows the layout of the four resonators in the circuit, along
with the passive feedback connection. The Resonator 1 was
closed for all the cases shown in this paper. The necks of Re-
sonators 2, 3, and 4 were connected to the return cross leg, test
section diffuser, and the rear wall of the plenum respectively.
The passive feedback connection was created by attaching a
duct between the return cross leg and Resonator 4.

3 Results
An extensive test program was undertaken to determine the
geometries of Resonators 2, 3, and 4, as well as the geometry
of the collector, in order to minimize the pressure fluctua-
tions and axial static pressure gradient. The effectiveness of
the PFC was investigated with these optimized geometries al-
ready configured. The PFC operated through the volume of
the Resonator 4, and it was not possible to isolate the PFC
from Resonator 4. The results from the five configurations
listed in Table 1 illustrate the performance of the PFC. Pro-
gressing from case A to C1, the Resonator 4 and the PFC



Figure 2: A sketch of the circuit showing the layout of the resonators and the passive feedback connection

Table 1: Resonator and PFC configurations

Name Res. 1 Res. 2 Res. 3 Res. 4 PFC PFC flow rate (Qpfc/Qts)
Case A closed open open closed closed 0.0%
Case B closed open open open closed 0.0%
Case C1 closed open open open open 3.0%
Case C2 closed open open open open 5.1%
Case C3 closed open open open open 6.5%

are systematically opened, while keeping the rest of opera-
ting conditions the same. Progressing from case C1 to C3, the
flow rate through the PFC was systematically increased. The
arrangement of the collector was kept the same for all five
cases. The flow rate through the PFC duct (Qpfc) was measu-
red and related to the flowrate through the test section (Qts).
The flow rate of air through the PFC could be varied by chan-
ging the inlet area of the PFC duct at the cross-leg.

The overall normalized out-of-flow unsteady static pres-
sure measurements, Cp,rms, are shown in Figure 3. The base-
line case (Case A, red circles in Figure 3) had the worst Cp,rms
amongst the configurations presented here at all wind speeds,
peaking at 128 kph. The driver of this pressure fluctuation was
a relatively small peak at 1.6 Hz, which is associated with the
2nd organ pipe resonance mode. It should be noted that the
baseline case is not that of a wind tunnel with no resonators.
The Resonators 2 and 3, as well as an optimized collector had
already created conditions of low levels of pressure fluctua-
tions for case A. By opening Resonator 4 (case B, blue square
in Figure 3), the Cp,rms values were further decreased. Further
reduction could be achieved by opening the PFC up to a flow
rate of Qpfc/Qts = 3.0% (case C1, green diamonds in Figure
3). At higher flow rates, the gains made by using the PFC
were diminished and the Cp,rms values increased. The Cp,rms
for the highest flowrate case C3 however were always lower
than case A (no Resonator 4) at all wind speeds. It is postu-
lated that at higher flow rates, the flow through PFC began

degrading the performance of Resonator 4, which led to an
increase in the overall Cp,rms for cases C2 and C3 compared
to case C1. A resonator operates by oscillating a finite amount
of a fluid inside the neck, with the large volume acting as a
spring-mass-damper system. Since the PFC is connected to
the Resonator 4, by increasing the flow rate inside the PFC
(and thus the resonator), the effectiveness of the resonator is
hindered. Consequently, the benefit of the PFC is outweighed
by the loss in effectiveness of the resonator.

Beland [7] had noted that the effectiveness in the sup-
pression of the pressure fluctuation was sensitive to the geo-
metry of the inlet region for the compensation channel. The
shape and the size of the outlet of the compensation chan-
nel into the test section plenum was inconsequential. A long,
narrow opening in the plenum chamber wall, which was mi-
nimized to around 9% of the nozzle surface area was used by
Beland [7]. In the current investigation, the outlet geometry
of the PFC was found to also have an impact on the perfor-
mance, but this is likely also due to its effect on the Resonator
4 performance.

The effectiveness of the PFC was further investigated
by examining the wind speed time traces obtained though
the pressure measurements. Figure 4 shows normalized wind
speed traces for cases A to C1 at a nominal wind speed of
120 kph. The time shown on the x-axis has been corrected
to full-scale tunnel values by multiplying it by the geometri-
cal scaling factor. A 10 second (full-scale) rolling average of



Figure 3: Overall Cp,rms values versus the wind speed for the five
cases (1 Hz  f  20 Hz full-scale).

the wind speed (ŵs) is applied to remove any short-term fluc-
tuations. The rolling averaged wind speed (ŵs) data is then
normalized by the mean wind speeds (w̄s), and the results are
plotted as shown in Figure 4. That is, wind speed variability =
( ŵs
w̄s � 1). Unsteadiness in wind speed is evident for the cases

without PFC by observing Figures 4 (a) and (b) where during
intermittent spikes, the wind speeds reached wind speed va-

riability = -0.7% and -0.8% respectively. With the PFC open
(case C1), the intermittent large spikes were not observed,
and the wind speed variability was very low.

Note that the MWT was operated with only a fan speed
controller, which maintained a fixed fan rotational speed (i.e.,
a fixed volume flow rate of air). Small and slow drifts in the
mean wind speed due to temperature drifts were accounted
for with a straight-line fit to the measured data.

Figure 4: Wind speed variability demonstrated by normalized wind
speed trace for cases A-C1 at nominal speed of 120 kph

An overall wind speed stability value can be deduced
from the standard deviation of the wind speed time series. Re-
sults for different wind speeds are shown in Figure 5 which

shows overall wind speed unsteadiness = �(ŵs)
w̄s . Use of the

PFC is shown to improve the overall wind speed unsteadi-

ness values by almost a factor of 2 across the wind speed
range. The data suggests that increasing the flow rate through
the PFC can marginally improve the overall wind speed uns-

teadiness.

Figure 5: Overall wind speed unsteadiness for an averaging time of
10s (full scale)

This improvement in the wind speed unsteadiness is also
evident by the improvements of the very low frequency pres-
sure fluctuations (f < 1 Hz). Spectra for the five test condi-
tions converted to dB(Z) with frequency intervals of 0.1 Hz
(full-scale equivalent) are shown in Figure 6. The use of the
PFC is shown to have its strongest influence for f < 1 Hz.

Figure 6: Narrow-band frequency spectra of pressure fluctuations at
120kph

A separate issue for wind tunnel test models is the varia-
tion of the axial static pressure due to the buoyancy force that
can be induced on the test model by the pressure variation. It
is desirable to have the smallest possible axial static pressure
gradient in a wind tunnel test section. Figure 7 shows that the
addition of a PFC (case C1) does not significantly alter the
axial static pressure gradient in the MWT.



Figure 7: Axial static pressure gradients for cases B and C1

4 Conclusion
A 1/10th scale model wind tunnel was developed to aid in
the design of a new aero-acoustic wind tunnel for BMW. The
model wind tunnel was used to optimize the collector de-
sign, as well as to tune the Helmholtz resonators. In addition
to the traditional means of controlling the pressure fluctua-
tions, another novel approach, the Passive Feedback Connec-
tion (PFC) was also tested, which is the concern of the pa-
per. The PFC connected the return leg of the wind tunnel
with a resonator which was connected to the test section ple-
num. At low flow rates through the PFC, reductions in the
amplitudes of the low-frequency pressure fluctuations were
found. At higher flow rates, the performance of the overall
system was slightly diminished, presumably due to the de-
gradation of the effectiveness of the resonator. The PFC was
also found to significantly improve the wind speed stability in
the wind tunnel. Without the PFC, non-oscillatory spikes in
wind speed variability were observed. With the PFC connec-
ted, these spikes were eliminated. The PFC achieved these
improvements in pressure fluctuations without compromising
the axial static pressure gradient.
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