
Citation: Jin, L.; Deng, X.B.; Wang, X.;

Zhang, J.; Zeng, W. Review of

Mechanisms and Suppression

Methods for Low-Frequency Pressure

Fluctuations in Open-Jet Wind

Tunnels. Appl. Sci. 2023, 13, 10808.

https://doi.org/10.3390/

app131910808

Academic Editors: Alexandre M.

Afonso, Luís L. Ferrás and Antonio

Castelo Filho

Received: 15 August 2023

Revised: 26 September 2023

Accepted: 27 September 2023

Published: 28 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Review

Review of Mechanisms and Suppression Methods for
Low-Frequency Pressure Fluctuations in Open-Jet
Wind Tunnels
Ling Jin 1 , Xiao Bing Deng 2,* , Xunnian Wang 1, Junlong Zhang 1 and Weiping Zeng 1

1 China Aerodynamics Research and Development Center, Mianyang 621000, China; jl1980_9@163.com (L.J.);
13890111856@139.com (X.W.); jlzhang3@163.com (J.Z.); zengweiping@126.com (W.Z.)

2 State Key Laboratory of Aerodynamics, Mianyang 621000, China
* Correspondence: dengxbskla@163.com

Abstract: Low-frequency pressure fluctuations are common in open-jet wind tunnels, affecting test
accuracy and posing safety risks to the wind tunnels. These oscillations can be caused by different
mechanisms in different wind tunnels, and it is often necessary to identify the specific mechanism
responsible for the oscillation and develop appropriate control methods. This paper presents a
comprehensive review of the current state of research on low-frequency pressure fluctuations in
subsonic open-jet wind tunnels, with a particular emphasis on their generation mechanisms and
control strategies. The primary source of excitation is attributed to the edgetone feedback formed by
the impingement of the jet on the collector. The sound wavelength corresponding to the edgetone
frequency is close to that of the plenum scale, facilitating resonance with both plenum-associated vi-
bration modes and specific-order standing wave modes within the circuit loop, resulting in significant
low-frequency pulsations. Passive control methods such as nozzle vortex generators and collector
breathing gaps have been extensively employed due to their cost-effectiveness and efficiency. The
concluding section highlights some unresolved issues that require further investigation in this field.

Keywords: open-jet wind tunnel; low-frequency pressure fluctuation; edgetone feedback; control
method; vortex generator

1. Introduction
1.1. Open Jet Wind Tunnel

A wind tunnel is an aerodynamic testing facility, usually consisting of a series of pipes,
which creates a controlled flow of air to simulate the atmospheric conditions experienced
by moving objects. Wind tunnels generally consist of a test section, a contraction section, a
drive section, a settling chamber, diffusers, and corners (see Figure 1). The test section is
the area where aerodynamic measurements are made and is the central component of the
wind tunnel. The drive section is responsible for driving the airflow motion and serves as
the primary energy source within the wind tunnel. Other components of the wind tunnel
are primarily used to regulate and maintain optimal operating conditions for the airflow.

Depending on the configuration of the test section, wind tunnels can be classified into
open-jet wind tunnels and closed wind tunnels [1]. The test section of a closed wind tunnel,
together with other sections of the tunnel, forms a continuous closed channel. In contrast,
an open-jet wind tunnel creates a free jet in front of the test section and uses uniform
airflow within the core region for aerodynamic testing. The airflow from the nozzle is
directed through a collector into the first diffuser downstream of the test section, as shown
in Figure 1. The test section of an open-jet wind tunnel is typically enclosed by a sealed
chamber known as a plenum [1–3] or test hall [2,4]. The plenum of an open-jet wind tunnel
used for acoustic testing is typically equipped with sound-absorbing wedges on its interior
walls and is commonly referred to as either an anechoic plenum or a chamber [2].
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Figure 1. Schematic of a wind tunnel with an open-jet section.

Open jet wind tunnels find extensive applications in automotive wind tunnels [5–8],
acoustics wind tunnels [7,9–11], and certain specialized wind tunnels [12] due to their low
blockage ratio, ease of test model installation and implementation, and large variable angle
range of models compared to closed wind tunnels.

1.2. Low-Frequency Pressure Fluctuation in Open-Jet Wind Tunnel

Low-frequency pressure fluctuation is a common phenomenon in open-jet wind
tunnels, characterized by periodic low-frequency pressure oscillations within a certain
range of test wind speeds [5,8,13–16]. The acoustic wavelength corresponding to the
pulsating frequency is usually close to one order of magnitude of the plenum scale. Sound-
absorbing wedges mounted on the plenum walls are unable to effectively eliminate pressure
pulsations at this scale.

Researchers commonly refer to this phenomenon as “low-frequency pressure fluc-
tuation” [7,17], “low-frequency pressure oscillation” [9], “low-frequency pressure pul-
sation” [6,9,11,16–18], or “low-frequency pressure surging” [16,17]. The literature often
employs terms such as “wind tunnel buffeting” [9], “wind tunnel pumping” [19], “wind
tunnel swaying” [11], “vibration of the test hall” [4], “wind tunnel is breathing” [20], or
“wind tunnel is undergoing a canning effect” [20] to describe the structural characteristics
caused by this phenomenon.

Many large open-jet wind tunnels suffer from low-frequency fluctuations [4,9,16,21–25].
The Langley 4 m × 7 m wind tunnel developed flow pulsations in the open test section
configuration that produced static pressure fluctuations, increasing turbulence, and veloc-
ity non-uniformity [16,21]. Extensive research has been conducted by researchers at this
institution to mitigate these low-frequency pressure fluctuations [16,21]. The low-frequency
pressure fluctuations in the large German–Dutch low-speed wind tunnel DNW-LLF with
an open test section (8 m × 6 m) directly jeopardized the structural safety of the plenum,
and therefore its maximum operating wind speed had to be limited to below 80 m/s [4].
The 3.25 m × 2.8 m low-speed wind tunnel DNW-NWB in Braunschweig, Germany, expe-
rienced strong low-frequency pulsations over a wide range of wind speeds, with sound
pressure levels as high as 120 dB [9]. The wind tunnel was equipped with Seiferth-wing
spoilers on the jet nozzle to reduce the low-frequency pressure fluctuations, but this only re-
duced the sound pressure level to 93 dB and generated significant high-frequency noise [9].
Significant low-frequency pressure fluctuations were also observed in the open test section
of the Large Acoustic Wind Tunnel (LAWT) in China [22–25]. The specific performance
was as follows: once the wind speed exceeded 40 m/s, the pulsation gradually became
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perceptible to the human ear and there was a discernible vibration in the collector and the
control building; at 65 m/s, the vibration intensified and a distinct vibration frequency
appeared in the whole test hall and the control building; beyond 75 m/s, the vibration
basically disappeared.

Low-frequency pressure fluctuations are also prevalent in automotive wind tunnels,
which usually use 3/4-opening jet wind tunnels (square jets, and one side of the jet is at
ground level, while the other three sides are free jet surfaces) [5,7,8,13–15,26,27]. The S2A
automotive wind tunnel located in Montigny-le-Bretonne, France, identified four distinct
oscillation zones within the wind speed range of 10 m/s to 60 m/s. At a wind speed
of 16.7 m/s, the pressure pulsation frequency outside the jet was close to 1.6 Hz, with
an amplitude of nearly 100 dB, accompanied by a velocity pulsation of nearly 3% in the
core of the jet [8]. The initial operation of the Hyundai Motor Aeroacoustic Wind Tunnel
(HAWT) in South Korea revealed significant static pressure fluctuations over most wind
speed ranges [7]. The use of vortex generators effectively mitigated pressure pulsations, but
inadvertently resulted in an increased background noise level within the test section and an
excessive static pressure gradient ahead of the collector, exceeding the design specifications
of the wind tunnel. Researchers have conducted extensive theoretical research and wind
tunnel testing to determine an optimal solution [7].

Low-frequency pressure fluctuations can pose a number of hazards to open-jet wind
tunnels. The pressure pulsations cause a poor quality of the flow field in the jet region,
thereby affecting the stability of both velocity and pressure within the wind tunnel. Conse-
quently, this leads to a reduction in measurement accuracy [16,22]. The infrasonic waves
generated by low-frequency pressure fluctuations in the test environment may pose health
risks to the participants. The vibration of the wind tunnel structure may cause vibration
fatigue of the test equipment and compromise test safety. Strong low-frequency pressure
fluctuations may even cause vibrations in the wind tunnel structure, thus endangering
the safety of the wind tunnel building [4,5,26]. In addition, the vibrations in the flow
field and structure lead to energy dissipation. Therefore, attenuating or suppressing these
low-frequency pressure fluctuations is of positive significance for improving measurement
accuracy and enhancing energy utilization efficiency and safety in open-jet wind tunnels,
as well as creating a better working environment for testers.

It should be remarked that the primary focus of this paper is to investigate the mecha-
nisms and control methods associated with wind tunnel design and enhancement, without
delving into the intricate flow physics of low-frequency pressure pulsation. The paper is
primarily concerned with the low-frequency pressure fluctuations observed in subsonic
open-jet wind tunnels, not taking into account transonic and supersonic wind tunnels
where shock waves introduce a different scenario. In addition, this review is based on
an extensive analysis of existing literature conducted by the authors. While striving for
objectivity throughout the analytical process, it is inevitable that subjective opinions be-
come intertwined.

The paper is organized as follows: Section 2 provides a comprehensive overview of
the mechanism underlying low-frequency pressure fluctuations, including the sources
of excitation and resonance mechanisms. Section 3 examines various methods for low-
frequency pressure fluctuation suppression. Lastly, Section 4 presents concluding remarks.

2. Mechanism of Low-Frequency Pressure Fluctuation

The origin of low-frequency pressure fluctuations in open-jet wind tunnels is not yet
fully understood. The low-frequency pressure fluctuations involve several factors, includ-
ing the structural modes of the wind tunnel, instability of the jet shear layer, fluid-structure
interaction, vortex-acoustic interaction, and acoustic propagation. The phenomenon of
low-frequency pressure fluctuations in different wind tunnels often involves different
excitation mechanisms, which poses challenges to the theoretical prediction and design of
control methods [5,8,16,26,28–32].
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The excitation source and the resonance mechanism are the two primary factors
responsible for the generation of significant low-frequency pressure fluctuations in open-jet
wind tunnels. The excitation source derives energy from the wind tunnel airflow and
generates the pulsations, while the excitation mechanism amplifies certain pulsation modes
into significant low-frequency pressure fluctuations.

2.1. Excitation Source of Low-Frequency Pressure Fluctuation

The primary source of excitation for low-frequency pressure fluctuations in open-jet
wind tunnels is the feedback loop resulting from the interaction between the jet and the
collector [5,8,16,26,30,31], commonly referred to in the literature as edgetone. As the jet
shear layer progresses downstream, large-scale vortex structures are generated as a result
of the Kelvin–Helmholtz instability [33]. These vortex structures interact with the collector,
resulting in outward-radiating pressure waves. The upstream propagation of these pressure
waves induces further effects on the shear layer, leading to the formation of a self-sustaining
oscillation loop known as edgetone feedback. Once established, this edgetone feedback
becomes the dominant mode of low-frequency oscillations in the shear layer.

The phenomenon of edgetone feedback is commonly observed in open-jet wind
tunnels. When intrinsic modes in the wind tunnel structure have frequencies close to
it, edgetone feedback can produce significant low-frequency pressure fluctuations by
resonance, as it directly harnesses energy from the jet.

In the edgetone loop of an open-jet wind tunnel, the pressure wave can propagate
upwards, either through the interior of the jet at a velocity of (a−U), where a is the speed
of sound and U is the jet velocity, or through its exterior at a velocity of a [20]. The edgetone
loop formed by the inner path can be called internal feedback, while the edgetone loop
formed by the outer path can be called external feedback. There is a certain difference in
the frequency of these two feedback loops, and which one plays a dominant role depends
on the configuration and flow conditions of the specific wind tunnel.

The edgetone phenomenon is not unique to the jet impingement problem. In fact,
edgetone feedback is commonly observed in various scenarios involving the interaction
between shear layers and solid structures [28,29], such as subsonic and supersonic flows
with open cavities [34], adjacent tall buildings, and hydraulic system valves.

The edgetone phenomenon was first documented by Sondhaus in 1854 [28]. In 1979,
Rockwell provided a comprehensive review of contemporary research on shear-layer
impingement configurations [28]. He identified two key conditions for the self-sustaining
oscillation phenomenon in shear-layer impingement systems: instability of the shear-layer
and feedback formed by upstream disturbance propagation. Rockwell believed that the
primary cause of edgetone feedback was shear-layer instability.

The majority of experimental investigations on edgetone have used flow-field visual-
ization in conjunction with velocity and pressure measurements [28,35–41]. Researchers
generally characterize the propagation of upstream disturbances as either an acoustic or a
hydrodynamic phenomenon [28,35–39].

Powell [36], Curle [42,43], Nyborg [44], and others have proposed formulas for pre-
dicting the frequency of edgetone in terms of the jet length, jet velocity, etc. Rennie [6],
based on the above works, developed the following formula for predicting the frequency
of edgetone in open-jet wind tunnels:

f =
1

1
n

Lj+∆L
VC

+
Lj+∆L

Va

. (1)

where Vc = 0.65U represents the velocity of the downstream vortex transfer and Va is
the velocity of the feedback pressure wave propagating upstream. For external feedback,
Va = a, while for internal feedback, Va = a−U, where U is the jet velocity and a is the
speed of sound. Lj is defined as the distance from the nozzle to the collector with an
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uncertainty measure, ∆L, and the number of large-scale vortex pairs contained between
the nozzle and the collector is denoted by n.

Zhang et al. [22,24] subsequently modified Equation (1) as follows:

f =
n

Lj+∆L
VC

+
Lj+∆L

Va

. (2)

In 1964, Rossiter proposed a formula for the prediction of the frequency of edgetone in
open cavities [30]:

f =
U
L

n− γ
1
K + Ma

. (3)

where γ and K are constants and Ma = U/a is the Mach number. For external feedback, it
is easy to see that Equation (2) can be obtained from Equation (3) by setting K = 0.65 and
replacing the role of γ with the uncertainty measure ∆L.

Brown [45], Brackenridge [38], Powell [36], and others have observed a “ladder-like”
behavior of the edgetone frequency, wherein as the distance between the nozzle and the
collector or the velocity of the jet is gradually increased, there is a continuous change in the
oscillation frequency, but beyond a certain threshold there is an abrupt transition to another
“stage” of frequency [28,29]. The different stages correspond to different oscillation modes,
which are denoted by the number n in Equations (2) and (3). It has been found that various
types of edgetone feedback exhibit this mode-jumping phenomenon [28,30,35].

The estimation of the amplitude of edgetone is also a concern of researchers [46,47].
The experimental findings of Stegen and Karamcheti [46] indicated that the amplitude
of the edgetone was influenced by several factors, including incoming flow conditions
and jet length. Holger et al. [47] used a potential flow model to estimate the force exerted
by low-velocity jets (below 20 m/s) on the edge and predict the far-field sound pressure
distribution based on Lighthill’s sound analogy theory [48]. Their theoretical predictions
were in good agreement with their experimental results as well as Powell’s sound-field
test results [36].

2.2. Resonance Mechanism of Low-Frequency Pressure Fluctuation

Rossiter [30] postulated that periodic pressure pulsations in cavities result from acous-
tic resonances excited by edgetone feedback, and this theory has been applied by several
researchers to investigate low-frequency pressure fluctuations in open-jet wind tunnels.
It is generally accepted that significant low-frequency pressure fluctuations occur when
the edgetone feedback frequency matches the natural frequency of some part of the wind
tunnel structure [4,6,17,18,20,26].

The frequency of the edgetone is determined by both the length and the velocity of
the jet. Since the jet length and plenum dimensions are usually comparable in magnitude,
the edgetone feedback frequency is likely to be close to the vibration frequencies associated
with the plenum, as well as certain frequencies of standing waves within the pipe loop. As
a result, resonance occurs, resulting in significant low-frequency pressure fluctuations.

Different wind tunnels may have different resonance excitation mechanisms. The
potential excitation sources that can resonate with edgetone feedback include the standing
wave modes of the wind tunnel circuit [4,6–9,11,19,26], the reverberation modes of wind
tunnel chambers [4,6,19,26], the Helmholtz modes of wind tunnel chambers [6,8,26], and
the pressure pulsation modes caused by the rotation of the wind tunnel fans [4]. Planar
standing waves in the three directions of the plenum also serve as excitation sources for
low-frequency pressure fluctuations in open-jet wind tunnels [22,23,25,49].

Edgetone feedback easily excites the standing wave modes of the wind tunnel circuit
and the Helmholtz mode of the plenum, as confirmed by several studies [4,6–9,19,26]. The
pressure pulsation generated by the rotation of the fan, on the other hand, does not easily
resonate with the edgetone feedback due to its high frequency. The occurrence of a standing
wave in the plenum is related to the ratio of plenum size to jet length [22].
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Table 1 provides an overview of the primary resonance mechanisms found in various
wind tunnels as documented in the literature, along with the corresponding techniques
for suppression. It can be seen that the standing wave of circuit loop is the most prevalent
source of excitation.

In the IVK-MWT wind tunnel, three modes share a common frequency of 18 Hz: the
edgetone feedback mode, the 5th order wind tunnel circuit loop mode, and the plenum
longitudinal standing wave mode. The edgetone feedback mode is the only mode that
involves energy injection, while the other two are passive modes without injection. Note
that in Table 1, the author infers that the plenum planar standing wave of IVK-MWT
and DNW-LLF wind tunnels serves as an excitation source that resonates with edgetone
feedback. This inference is made based on literature data and is detailed in the fourth part
of Section 2.2.2.

Table 1. Summary of fluctuations according to resonance mechanism and wind tunnels.

Resonance Mechanism Wind Tunnel Frequency (Mode) (Intensity) Suppression Methods

Standing wave
modes of circuit
loop

HAWT [7]
1.4 Hz (n = 2 ) (〈Cp′〉max = 6%);

Breather gap in collector
2.6 Hz (n = 3) (〈Cp′〉max = 3%)

S2A [8]

1.6 Hz (n = 2) (≈100 dB);

Passive flap on upper
nozzle edge

2.8 Hz (n = 3) (>100 dB);

4.4 Hz (n = 5) (≈100 dB);

6.3 Hz (n = 7) (≈100 dB)

AAWT [26]
2.4 Hz (n = 2) (121 dB);

ARC3.9 Hz (n = 3) (110 dB);

6.8 Hz (n = 5) (120 dB)

1/20-scale AAWT [26]
53 Hz (n = 2) (102 dB);

ARC
81 Hz (n = 3) (110 dB)

Automobile wind tunnel of
Jilin University [50] 2.5 Hz (×) (〈Cp′〉max = 4.9%)

Spoiler at nozzle;

Flow-follow device
(Simulation only)

DNW-LLF [4] 33 Hz (×) (×) † Tetrahedral vortex generators
at nozzle

1/7-scaled open-jet of
NRC/IAR [6]

4 Hz (n = 1) (×);
Decreasing jet length;

12 Hz (n = 2) (×);

18 Hz (n = 3) (×); Increasing collector
inlet size24 Hz (n = 4) (×)

Old DNW-NWB [9]

3.78 Hz (×) (×);

Seiferth wings at nozzle7.56 Hz (×) (×);

9.45 Hz (×) (×)

IVK-MWT [19] 18 Hz (n = 5) (130 dB) FKFS-flaps (movable)

Model wind tunnel at
Mitsubishi Heavy

Industries [11]

11 Hz (n = 1) (×); Entrainment system;

26 Hz (n = 2) (×)
Acoustic opening;

Duct cross-sectional jump

SKLA-01 [25] 169 Hz (n = 17) (130 dB) ×
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Table 1. Cont.

Resonance Mechanism Wind Tunnel Frequency (Mode) (Intensity) Suppression Methods

Planar standing
waves of plenum

LAWT [22–25] 5.4 Hz (ny = 1) (120 dB)
CVG;

Changing plenum dimension
(Simulation only)

SKLA-01 [25]
127 Hz (nx = 1) (×); Changing plenum size;
109 Hz (ny = 1) (×); Increasing collector inlet size169 Hz (nz = 1) (×)

IVK-MWT [19] ‡
18 Hz (nx = 1) (130 dB);

×22 Hz (ny = 1) (134 dB);
239 Hz (nz = 1) (118 dB)

DNW-LLF [4] ‡ 5.5 Hz (ny = 1) (×); ×

Helmholtz modes
of plenum

S2A [8] 1.6 Hz (×) (100 dB) Passive flap

1/20-scale AAWT [26] 45 Hz (×) (99 dB) ARC

Reverberation
modes of plenum IVK-MWT [19]

22 Hz (0,1,0) (134 dB) *
FKFS-laps (movable)39 Hz (0,0,1 or 2,0,0) (118 dB) **

42 Hz (1,0,1 or 0,1,1) (111 dB) **
† × denotes the unavailability or nonexistence of the data. ‡ The type of resonance mechanism is speculated by
the authors of this review. * (0,1,0) means nx = 1 , ny = 1 , nz = 0. ** The authors believe these two modes were
excited by edgetone feedback (please refer to Section 2.2.2).

2.2.1. Circuit and Helmholtz-Type Resonance

Rennie et al. [7] presented a study on the suppression of low-frequency pressure
fluctuations in the HAWT wind tunnel in South Korea. The results demonstrated excellent
agreement between the measured frequency of the low-frequency pressure fluctuation
and the theoretically calculated frequency of the circuit acoustic mode of a certain order,
indicating that one of the modes within the wind tunnel circuit is responsible for exciting
the low-frequency pressure fluctuations.

The study conducted by Wickern et al. [26] identified three dominant frequencies in a
1:20-scale wind tunnel of the Audi Aeroacoustic Wind Tunnel (AAWT). Two of these fre-
quencies were attributed to the circuit modes of the wind tunnel, while the third frequency
corresponded to the Helmholtz frequency of the plenum. In contrast, three circuit modes
were observed in the full-scale AAWT, two of which corresponded to those found in the
scaled wind tunnel.

The study conducted by Hu et al. [50] also revealed that the edgetone feedback
resonated with one of the modes presented in the pipeline circuit of the Jilin University
open-jet wind tunnel.

2.2.2. Planar Standing Wave in Plenum

• Plenum standing wave as an excitation source in LAWT

Recently, Jin et al. [22] discovered that the significant low-frequency pressure fluctua-
tion in the plenum of the LAWT manifests itself as a planar pressure standing wave in the
transverse direction, the amplitude of which can be expressed as:

P(y) = A sin(2πy/λ) cos(2π f t). (4)

where A denotes the pressure maximum, y is the width-direction coordinate (the plenum
is symmetric about the jet center in the transverse direction), λ = 2Ly is the wavelength, Ly
is the width of the plenum, f is the frequency of the standing wave, and t is the time.

A diagram illustrating the pressure standing wave is presented in Figure 2. It can be
seen that the waveform has a sinusoidal pattern with an anti-symmetric distribution along
the y-axis.
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Figure 2. Schematic of the pressure standing wave in the plenum of LAWT, as viewed from the
collector towards the nozzle. Note that yM1 corresponds to the negative value of yM2. Originally
shown in [22].

• Mechanism and prediction of plenum standing wave

It was found that the planar pressure standing wave resonated with the edgetone
feedback, resulting in significant low-frequency pressure fluctuations in the LAWT [22].
On the basis of this, the condition for the maximization of the low-frequency pressure
fluctuation caused by the standing wave can be derived as follows [22]:

Ly

Lj
=

1
2n

(
1

Va/a
+

1
0.65Ma

)
. (5)

where Ly denotes the width of the plenum, Ma is the jet Mach number, and the definitions
of the remaining symbols correspond to those in Equation (1). Equation (5) was derived in
the literature [22] by making the edgetone frequency given by Equation (2) equal to the
standing wave frequency in the transverse direction of the plenum:

fsw =
a

2Ly
. (6)

Note that the contribution of ∆L is not considered in Equation (5). In the literature [22], only
the external feedback is considered, resulting in Va/a = 1, and the number of modes, n, is
taken as the number of large vortex pairs in the jet (n = 2), under the operating conditions
of the LAWT wind tunnel. When the discrepancy between Ly/Lj and the predicted value
of Equation (5) falls below 20%, the resonance of the standing wave with edgetone feedback
is likely to occur.

The large-scale vortices on both sides of the jet can exhibit either symmetric or anti-
symmetric patterns. Jin et al. [22] noted that the resonance between the standing wave and
edgetone feedback strengthens the antisymmetric vortex mode. As a result, the antisym-
metric vortex mode dominates the edgetone feedback and serves as an energy source for
the width-direction standing wave, as illustrated in Figure 3.
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Figure 3. Schematic of the interaction of the transverse standing wave with the antisymmetric vortex
mode. Originally shown in [22].

Due to the antisymmetric characteristics of the standing wave, its amplitude ap-
proaches zero at the center of the jet and increases as it moves away from the center (as
depicted in Figure 2). Hence, the pressure standing wave is more prone to interact with the
external feedback loop of edgetone feedback. Consequently, when resonance between the
edgetone feedback and the standing wave occurs, its frequency aligns closer to that of the
external feedback loop rather than internal feedback [22].

• Planar standing wave in SKLA-01

After discovering widthwise planar standing waves as a resonant excitation source for
LAWT wind tunnels, Jin et al. built a 1:20-scale LAWT wind tunnel (SKLA-01) with a width-
adjustable plenum.Their results revealed the presence of planar pressure standing waves
in all three directions of the plenum; however, these standing waves were comparatively
weaker in the other two directions compared to the width direction [25,49]. The analysis by
Jin et al. [25,49] showed that the standing wave frequency in the vertical direction of the
plenum is close to that of a circuit standing wave mode in the wind tunnel. Since there was
no direct energy injection into these two standing wave modes, Jin et al. [25,49] speculated
that these two modes appeared because they satisfied the resonance condition, which led
to self-excited oscillations through the resonance mechanism between them by capturing
energy from the airflow.

Jin et al. [25,49] did not provide any information about the excitation source for the
longitudinal standing wave of the plenum. Considering that the length (Lx) and width
(Ly) of the plenum were quite close (Lx/Ly = 1.04), so that the longitudinal standing wave
mode also satisfied the resonance condition with the edgetone, the authors of this paper
speculate that the longitudinal standing wave may also have developed in the process
of resonance with the edgetone feedback. The reason why the pulsation intensity of the
longitudinal standing wave was lower than that of the transverse standing wave may be
due to the lack of antisymmetric modes in the shear layer as an energy transfer intermediary
for the longitudinal standing wave.

Jin et al. [25,49] found that the addition of a floor to the plenum of the SKLA-01 wind
tunnel (as shown in Figure 4) significantly enhanced the widthwise standing wave mode.
The underlying cause of this phenomenon remains unclear, and Jin et al. [49] hypothesized
that it may be because the pressure above the floor is lower than that below during wind
tunnel operation, resulting in the formation of vortex pairs similar to wingtip vortices on
either side of the floor. The relative strengths of these two vortices alternated under the
influence of the anti-symmetrically distributed standing wave, which in turn enhanced the
widthwise pressure standing wave.
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Figure 4. Schematic of an open-jet wind tunnel with floor.

• Other cases of resonance between plenum standing wave and edgetone

Although it has not been reported until recently [22], the probability of resonance
between the planar standing wave modes in the three directions of the plenum and the
edgetone feedback is quite high. For example, at Mach number Ma = 0.2, Equation (5)
suggests that if the size of the plenum in one direction is approximately twice that of the jet
(within 20% deviation), resonance can occur between the edgetone and the standing wave
in that direction.

In the literature [19], von Heesen et al. reported the existence of standing waves in
three directions of the plenum in the IVK 1:4-scale Model Wind Tunnel in Stuttgart (IVK-
MWT). To the best of the authors’ knowledge, this is the first report of standing waves in the
plenum of an open-jet wind tunnel. Due to a lack of confidence in the edgetone feedback
model of von Heesen et al., their paper [19] did not investigate the possibility of planar
standing waves resonating with edgetone feedback. Here, we calculated the conditions
under which standing waves resonate with edgetone feedback in the three directions of the
plenum for the IVK-MWT wind tunnel using Equation (5), as shown in Table 2.

In Table 2, the discrepancy ∆(Li/Lj) between the actual values of Li/Lj in the three
plenum directions and the predicted values from Equation (5) were computed as:

∆(Li/Lj) =
(Li/Lj)real − (Li/Lj)predict

(Li/Lj)real
× 100%. (7)

In Table 2, it can be seen that the discrepancy ∆(Li/Lj) in all three directions is less than
15%. As mentioned above, the resonance of the standing wave with edgetone feedback is
likely to occur when the discrepancy falls below 20%. Therefore, it can be inferred that the
standing waves in each of the three directions of the plenum of the IVK-MWT wind tunnel
(at different wind speed ranges) resonate with edgetone feedback. Additionally, it can also
be seen that a smaller discrepancy ∆(Li/Lj) results in larger amplitude oscillations of the
standing waves.

It should be noted that, in Table 2, the wind speed when the Z-direction standing
wave is the strongest is given according to the maximum operating speed of the wind
tunnel, which is 77.8 m/s. If the maximum operating wind speed of the wind tunnel can
be increased to obtain the real wind speed when the Z-direction standing wave reaches the
strongest, the Z-direction discrepancy ∆(Li/Lj) given in Table 2 might be reduced to the
same order as that in the X- and Y-directions.
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Table 2. The conditions of standing waves resonating with edgetone feedback in IVK-MWT.

Direction Max. SPL (dB) in
Plenum Corner

Frequency (Hz) at
max. SPL

Wind Speed (m/s) at
max. SPL ∆(Li/Lj)

1

Length (X) 130 18 44.4 5.6%
Width (Y) 134 22 55.5 1.7%
Height (Z) 118 39 77.8 14.2%

1 ∆(Li/Lj) represents the discrepancy between the actual values of Li/Lj and their predicted equivalents calculated
by using Equation (5) (n = 2). Here, Li denotes the values of Lx , Ly, and Lz in the X, Y, and Z directions,
respectively. According to the literature [19], the jet length Lj = 2.585 m, plenum dimensions Lx = 8.75 m,
Ly = 6.85 m, Lz = 4.37 m, and speed of sound a = 340 m/s.

Another possible example of edgetone feedback resonating with a plenum planar
standing wave can be observed in the DNW-LLF wind tunnel. As previously noted, due to
the low-frequency pressure fluctuations posing a safety risk to the wind tunnel, DNW-LLF
had to impose a maximum wind speed limit of less than 80 m/s for its open test section.

According to the literature [4], the open test section of DNW-LLF has a jet length of
18.7 m and a plenum width of 28.2 m. Assuming the speed of sound is 340 m/s, we can
calculate the frequency of the standing wave in the width direction utilizing Equation (6)
to be fsw = 6.03 Hz.

Figure 5 displays the relationship between the edgetone frequency and wind speed
according to Equation (2) with external feedback, ∆L = 0, and n = 2. When the wind
speed reaches approximately 80 m/s, the frequency of external edgetone feedback reaches
just 0.8 fsw, indicating entry into the resonance region. These results are consistent with
test runs performed in this wind tunnel, where wind speeds approaching 84 m/s caused
roof damage, necessitating wind speeds to be limited to below 80 m/s [4]. Therefore, it is
highly probable that significant low-frequency pressure fluctuations in DNW-LLF’s open
test section are also caused by resonance between edgetone feedback and width-direction
planar standing wave in the plenum. In addition, the findings from Figure 5 indicate that
low-frequency pressure oscillations in the wind tunnel will likely reach their maximum
amplitude at a wind speed of approximately 104 m/s.

Figure 5. Variation of the edgetone frequency with wind speed in DNW-LLF open test section.

3. Suppression Methods for Low-Frequency Pressure Fluctuation

Suppression measures for low-frequency pressure fluctuations can be categorized
into passive and active control. Active control methods require changing the flow state
by injecting mass or energy according to the specific flow situation, while passive control
methods do not require mass or energy injection.
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Commonly used passive control measures include (i) the incorporation of a vortex
generator at the jet nozzle [2–4,8,9,16,23,49,51–55], (ii) optimization of the configuration
of the collector, which includes shape optimization [4,6,17,21,23,31,49,56,57] and the ad-
dition of a breathing gap [4,6,7,14,15,21,58,59], (iii) the introduction of resonant chambers
(Helmholtz resonators) connected to the plenum or the wind tunnel circuits [31,55,60], and
(iv) modifying the wind tunnel circuits [9,11,19].

The active control techniques commonly employed include the utilization of loud-
speakers and nozzle-activated flaps [19,26,27,32,50].

The commonly used low-frequency pressure suppression methods described in the
literature are summarized in Table 3. Each method is assessed based on its effectiveness,
side effects, cost, and application range. Their performance is rated with −, 0, +, and ++
to indicate poor, fair, good, and better results, respectively.

It can be observed that both the collector breathing gap and the nozzle vortex generator
exhibit favorable characteristics across multiple aspects and are widely employed as control
strategies in practical wind tunnel applications (refer to Table 1).

Table 3. Summary of suppression methods ‡.

Suppression Methods Configuration Effectiveness Side
Effect Cost Application

Range

Nozzle Vortex
Generator (VG)

2D Vanes, tabs, teeth, spoiler, Seiferth
wing [2–4,8,9,16,51–53] ++ − ++ ++

3D Tetrahedrons, FKFS besst [4,54,55] ++ 0 ++ ++

CVG 3D VG on a square nozzle
corners [23,49] ++ 0 ++ +

Collecter
optimization

Breathing gap gaps/slots/holes in collector [4,6,7,14,
15,21,58,59] ++ + + ++

Shape
optimization

Inclined inlet, increasing inlet size, re-
shaping inlet [4,6,17,21,23,31,49,56,57] ++ ++ − 0

Helmholtz resonator Chambers connected to wind tunnel
through a tube [31,55,60] ++ ++ 0 +

Modifying the
circuit loop

Entrainment
system

Entrainment inlets beside nozzle and
entrainment outlets around the first cor-
ner [11]

+ + − 0

Cross-section
area changing

Abrupt changing of cross-section area
at certain locations of circuit loop [9] ++ + − 0

Membrane
coverd

apertures

Adding membrane-covered apertures
at certain locations of the circuit
loop [19]

+ ++ 0 +

Active control
methods

ARC
A plenum-mounted microphone and
a wall-mounted loudspeaker in circuit
loop [26,32]

++ ++ 0 0

Movable flaps Electrically driven movable flaps at
nozzle [19] ++ − 0 0

Synthetic jet Synthetic jet exciters at nozzle [27] ++ − 0 0

Flow-follow
device Airflow injection around nozzle [50] + + 0 0

‡: The symbols −, 0, and + refer to bad, reasonable, and good, respectively. ++ is better than +.

3.1. Vortex Generators

The incorporation of various vortex generators at the nozzle of an open-jet wind
tunnel is a widely used passive control method for mitigating low-frequency pressure
fluctuations [3,16,23,49,51–53,61].
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The jet nozzle is located at the initial stage of the jet shear layer development, where
even small perturbations introduced into the jet can have a significant effect on its down-
stream evolution. Therefore, this location is considered optimal for controlling the jet.
Conventional vortex generators installed in the jet nozzle modify both the frequency and
intensity of the edgetone feedback by introducing small-scale vortices into the jet shear
layer, thereby enhancing mixing within the jet shear layer and altering the pattern of the
downstream large-scale vortices.

Nozzle-vortex-generators are a cost-effective and straightforward solution. However, the
small-scale vortices produced by them contribute to high-frequency noise levels [2,23,53,62].

3.1.1. Two-Dimensional Vortex Generators

The first vortex generators used to suppress low-frequency pressure fluctuations
in open-jet wind tunnels were primarily two-dimensional sheet-like spoilers, commonly
referred to in the literature as vanes, tabs, or teeth, etc. [16,63].

Figure 6 is a typical sheet-like vortex generator called a Seiferth-wing, which is char-
acterized by rectangular sheets with two different angles of inclination to induce distur-
bances [16]. According to Seiferth [16], these spoilers promote intense mixing within
the jet shear layer, thereby dispersing the vortex rings and preventing their simultane-
ous impact on the collector. Implemented in the DNW-NWB low-speed wind tunnel in
Braunschweig, Germany, Seiferth-wings successfully mitigated low-frequency oscillations;
however, due to their generation of broadband noise, they were abandoned when the wind
tunnel underwent acoustic modifications in 2009 [2].

Figure 6. Schematic of Seiferth-wings on wind tunnel nozzle.

Researchers at NASA Langley Research Center designed six different configurations of
nozzle spoilers for a 4 m × 7 m open-jet wind tunnel [16] and used hot-wire anemometers
to measure velocity pulsations at the jet center to assess their effectiveness in mitigating
flow pulsations. The results showed that the alternating arrangement of triangular spoilers
had superior effectiveness, as shown in Figure 7.

Figure 7. Schematic of triangular vanes on wind tunnel nozzle.

The French S2A automotive wind tunnel used a system of two rectangular flaps
with a small plunging angle, installed at the upper edge of the nozzle exit (see Figure 8).
This solution had less intrusion into the jet than classical vortex generators, resulting in
improved flow-field quality and reduced flow noise [8].
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Hu et al. [50] investigated rectangular spoilers that protruded from and were aligned
parallel to the nozzle wall. According to numerical simulations, using vortex generators
was effective in reducing velocity pulsations and low-frequency pressure fluctuations.

Figure 8. Schematic of passive rectangular flaps for the S2A wind tunnel nozzle.

3.1.2. Three-Dimensional Vortex Generators

Three-dimensional vortex generators generate lower levels of high-frequency noise in
comparison to two-dimensional spoilers.

Tetrahedral vortex generators were used in the 8 m × 6 m open-jet test section of the
German–Dutch Wind Tunnel DNW-LLF [4]. This innovative solution effectively reduced
plenum vibrations while increasing jet velocity by 6% (at the same motor speed) without a
significant impact on background noise levels.

The Institute of Automotive Engineering and Vehicle Engines Stuttgart (FKFS) in
Germany has developed a streamlined vortex generator called FKFS besst, shown in
Figure 9. The generator has a rectangular shape, with a convex upper surface and a lower
surface that adheres to the inner wall of the nozzle. In addition, it is equipped with
concave chambers on both sides. In 2014, the FKFS besst was successfully implemented
in an automotive wind tunnel for aero-acoustic studies [54,55], where it was uniformly
positioned along the left, right, and upper walls of the jet nozzle.

Figure 9. Schematic of the three-dimensional vortex generator FKFA besst.

3.1.3. Corner Vortex Generator

Jin et al. [23,49] recently discovered that the placement of vortex generators at the
corners of the rectangular nozzle in the LAWT wind tunnel effectively suppressed low-
frequency pressure fluctuations. In contrast, placing vortex generators at the center of the
inner wall of the rectangular nozzle increased the low-frequency pressure fluctuations. In
response to these findings, Jin et al. [23,49] designed a corner vortex generator (CVG) with
a circular upper surface and a flat rectangular lower surface (shown in Figures 10 and 11),
which was able to control the root-mean-square (RMS) level of low-frequency pressure
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fluctuations in the test section of the LAWT wind tunnel to less than 0.4% and maintain
favorable acoustic characteristics [23].

Figure 10. Schematic of CVG installation location.

Figure 11. CVG mounted on the LAWT nozzle.

By using numerical simulations, Jin [49] found that the vortices generated by the CVG
at the corners of the square jet have a pumping effect on the turbulence at the lateral centers
of the jet. As a consequence, the jet expansion angle decreased, enabling the collector to
wrap more effectively, as shown in Figure 12. As will be discussed in Section 3.2.2 of this
paper, increasing the inlet size of the collector can effectively mitigate the impact of the
transverse standing wave. The oscillation caused by the width-direction standing wave of
the plenum was suppressed by reducing the jet expansion angle, which is equivalent to
widening the collector inlet.

The function of the CVG is not to increase the stability of the shear layer by introducing
small-scale vortices into the jet shear layer, as traditional vortex generators do, but rather to
regulate the jet expansion angle through the suction effect of corner vortices on turbulence
in the lateral center of the jet. Consequently, the effect of the CVG and traditional nozzle
vortex generators on jets is the opposite: while traditional vortex generators promote the
development of turbulence in the jet shear layer, thereby increasing its expansion angle, the
CVG reduces this angle by drawing turbulence toward the corners. Keeping this in mind,
it is clear why Jin et al. [23,49] witnessed amplified low-frequency pressure fluctuations by
adding vortex generators at the center of the inner wall of the rectangular nozzle.
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(a) Without CVG (b) With CVG
Figure 12. The velocity contours at the inlet cross-section of the collector, both with and without CVG,
are shown using the velocity divided by the speed of sound at the center of the nozzle. Originally
shown in [49].

3.2. Collector Optimization

The collector, as a component that directly interacts with the jet, is an important link in
the formation of the edgetone feedback loop. Optimizing the configuration of the collector
can effectively reduce the fluctuations caused by the jet impingement of the collector and
reduce the contribution of the jet-collector interaction to the edgetone feedback, thereby
suppressing the low-frequency pressure fluctuations in the plenum.

3.2.1. Breathing Gap

It is a common practice in open-jet wind tunnels to provide a breathing gap (slot) in
the collector or diffuser to suppress low-frequency pressure fluctuations [6,7,14,15,21,59].

Experiments were conducted by NASA Langley Research Center in a 1:24-scale wind
tunnel on six collectors of different configurations to reduce periodic airflow pulsations [21].
It was found that the configuration with a straight wall sloping outward and a slot between
the collector and the diffuser was the most effective in reducing velocity pulsations. On
the other hand, collectors with a bell mouth at the front had inferior performance. The
optimized configuration has been successfully implemented in the full-scale subsonic wind
tunnel with dimensions of 4 m × 7 m.

The 8 m × 6 m opening test section of the German–Dutch DNW-LLF wind tunnel in-
corporated gaps at various positions along the collector [4]. However, it failed to effectively
mitigate vibrations in the walls and ceiling of the plenum under high wind speeds, only
demonstrating a reduction in vibrations at lower speeds.

Rennie [6] investigated the cause of pressure fluctuations in 1/7-scale open-jet wind
tunnels at the aerodynamics laboratory of the Institute for Aerospace Research of the
National Research Council of Canada (NRC/IAR). The results showed that the installation
of a ventilation gap downstream of the collector in a 1/7-scale wind tunnel reduced the
RMS levels of the pulsating pressure coefficient in the jet to less than 0.01 for all wind
speed ranges, with most speeds reduced to less than 0.005 [6]. According to Rennie [6],
the ventilation gap can reduce the intensity of the pressure perturbations caused by the
vortices colliding with the collector, thereby suppressing the edgetone feedback.

After the implementation of a ventilation gap in the HAWT wind tunnel in South
Korea, the RMS levels of the pulsating pressure coefficient at all wind speeds decreased
significantly, reducing from approximately 6% of the dynamic pressure in the plenum to
less than 0.5% [7].

Gaps of varying widths were introduced in the collector throat of a scaled automotive
wind tunnel by Zheng et al. [14,15]. According to the experimental results, the size of
the gap played a critical role, and the low-frequency pressure fluctuations could not be
suppressed sufficiently if the gap was either too small or too large. By incorporating
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structures into the throat gap to prevent airflow without impeding acoustic waves, it was
observed that the gap no longer effectively suppresses low-frequency pressure fluctuations.
Therefore, Zheng et al. [14] concluded that the mechanism behind the collector gap is to
change the flow state within the jet.

Jin et al. [59] employed the unsteady Reynolds-averaged Navier–Stokes (RANS)
method to simulate low-frequency oscillations in the φ3.2 m open-jet wind tunnel at
the China Aerodynamics Research and Development Center. The study considered two
scenarios: with ventilation holes on the collector wall either open or closed, as depicted
in Figure 13. The results indicated that opening the ventilation holes led to a reduction
of more than one order in the amplitude of pressure coefficient oscillations compared to
closing them.

Figure 13. Ventilation holes on the collector; the collector is split from the center for easy viewing.

3.2.2. Shape Optimization

Lacey [17,56,57] designed an inclined collector in which the front of the collector is
tilted at an angle (see Figure 14). Lacey hypothesized that the distance between the nozzle
and the front of the collector varies with height, resulting in significant attenuation of any
single feedback frequency [56].

Figure 14. Inclined collector.

Jin et al. [49] demonstrated that increasing the inlet width of the collector to fully
envelop the jet shear layer can effectively mitigate low-frequency pressure fluctuations
caused by standing waves in the width direction of the plenum, based on experiments
conducted using the SKLA-01 scaled wind tunnel. The test results showed that widening
the collector reduced the amplitude of the low-frequency pressure fluctuation by more
than 50%.

The study conducted by Wang et al. [31] also demonstrated that the reduction of
low-frequency pressure fluctuations can be effectively achieved by increasing the opening
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area through adjustments to the side and top walls of the collector in a scaled automotive
wind tunnel.

Overall, properly optimized collectors can effectively reduce low-frequency pressure
fluctuations in open-jet wind tunnels. However, since the configuration of the collector
affects the pressure distribution in the test area, the optimization of the collector often
requires multiple experiments for comparative analysis, and finding the collector configu-
ration with good flow-field quality as well as sufficient pressure oscillation reduction can
be quite demanding.

3.3. Other Passive Control Methods

In addition to the aforementioned passive control methods, commonly used techniques
include the use of Helmholtz resonators to suppress specific frequencies in the plenum or
pipeline circuit [31,55,60], as well as modifications to the wind tunnel pipeline to suppress
the circuit standing wave frequency [9,11].

A Helmholtz resonator is a cavity that can be connected to a wind tunnel through a
small tube. When the air column in the tube vibrates under the excitation of an external
sound wave, a damped air spring system is formed due to friction. When the frequency of
the incident sound wave matches the natural frequency of the resonator, the air column
will resonate and vibrate violently, leading to the maximum consumption of sound energy,
equivalent to the absorption of the sound wave by the resonator.

When FKFS upgraded the full-scale aeroacoustic wind tunnel at the University of
Stuttgart, Germany, in 2014, they installed a Helmholtz resonator adjacent to the plenum [55].
By precisely tuning the resonator frequency to suppress the Helmholtz frequency of the
plenum and implementing the FKFS besst vortex generators at the nozzle, they were able
to achieve pulsating pressure RMS levels below 0.5% of the dynamic pressure over the
entire velocity range [55].

Wang et al. [31] integrated a Helmholtz resonator into a scaled wind tunnel and
adjusted its resonant frequency to match the frequency of the observed significant low-
frequency pressure fluctuation in the wind tunnel. In addition, they introduced an auxiliary
pipeline to the side wall of the collector, which was open upstream, closed downstream,
and connected to the collector through an opening in its side wall. By carefully sizing this
pipeline, the pulsating pressure within the collector could be balanced by the pulsating
pressure output from the pipeline at a specific frequency band. These measures effectively
reduced the low-frequency pressure fluctuations but resulted in a slight increase in noise in
other frequency bands.

Kharazi et al. [60] successfully suppressed the low-frequency pressure fluctuations
by using Helmholtz resonators in two BMW AVZ wind tunnels; the Helmholtz resonators
also improved the pressure gradient in the test section.

The suppression measures of the low-frequency pressure fluctuations in a 3/4-scale open-
jet model wind tunnel at Mitsubishi Heavy Industries were introduced by Kudo et al. [11].
They discovered that the propagation of the low-frequency pulsation in the wind tunnel
was mainly in the circuit. By taking in airflow through entrainment inlets on both sides of
the nozzle and expelling airflow through entrainment outlets located before and after the
first corner, an effective reduction of the low-frequency pressure fluctuation was achieved.

During the acoustic upgrade in 2009, the DNW-NWB wind tunnel in Germany im-
plemented a sudden change in the cross-sectional area between the cooling and driving
sections of its pipeline. This alteration created an acoustic impedance that effectively
suppressed low-frequency pressure fluctuations by preventing edgetone feedback from
exciting the resonance mode of the wind tunnel circuit [9].

Stüber et al. proposed in their patent that the addition of apertures covered by elastic
membranes to wind tunnel pipelines can shift the circuit resonance to a higher frequency
(see [19]).
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3.4. Active Control Methods

The active control method for low-frequency pressure fluctuations in open-jet wind
tunnels typically involves the use of loudspeakers and movable flaps to inject energy into
the flow field, thereby controlling the vortex structure and altering the frequency and
intensity of the edgetone feedback. Alternatively, anti-phase sound waves emitted by loud-
speakers can be used directly to eliminate pressure pulsations at specific frequencies [19,27].

The literature [26,32] presented an active control system known as ARC (Active
Resonance Control), which consists of a plenum-mounted microphone to capture pressure
pulsations, a wall-mounted loudspeaker on the wind tunnel circuit, and a signal conditioner
to adjust the phase relationship between the microphone signal and the loudspeaker output.
Experimental evaluations conducted in both the Audi aeroacoustic wind tunnel and its
scaled wind tunnel in Germany showed that the ARC system effectively eliminated low-
frequency pulsations caused by pipe resonances without introducing additional noise into
the wind tunnel. However, it should be noted that this system is expensive and requires a
sophisticated control scheme [32].

Von Heesen et al. [19] proposed an active flow control method that incorporated
electrically driven movable flaps (FKFS flaps) at the nozzle of the IVK-MWT wind tunnel.
By inducing forced perturbations in the shear layer at a frequency different from acoustic
resonance, these movable flaps prevented vortex shedding from synchronizing with acous-
tic resonance, resulting in a reduction of the pressure pulsation amplitude from 134 dB to
108 dB.

Jia et al. [27] investigated the control of low-frequency pressure fluctuations using
synthetic jet exciters in a 3/4-scale open-jet wind tunnel at the Shanghai Automotive Wind
Tunnel Center. The synthetic jet exciter consisted of loudspeakers arranged around the
nozzle. It was observed that a certain excitation frequency can effectively suppress the
low-frequency pressure fluctuations, and when the excitation frequency was close to the
edgetone frequency, it led to a strong amplification of the pressure oscillation.

Hu et al. [50] used numerical methods to study the so-called “flow-follow device”,
which injects air flow around the nozzle. The results showed that the technique can
change the feedback frequency of the edgetone, thereby preventing resonance between
the edgetone and the standing wave mode in the wind tunnel loop, ultimately reducing
low-frequency pressure fluctuations.

4. Concluding Remarks

The open-jet wind tunnel is a widely used form of wind tunnel configuration, and
the occurrence of low-frequency pressure fluctuations is relatively common in this type
of wind tunnel. Low-frequency pressure fluctuations have been extensively documented
worldwide in various sizes of open-jet wind tunnels.

• Mechanism

The jet impinges on the collector, creating an edgetone feedback loop that serves
as the primary source of low-frequency pressure fluctuations in open-jet wind tunnels.
The occurrence of significant low-frequency pressure fluctuations is observed when the
frequency of certain modes in the wind tunnel is close to the frequency of the edgetone
feedback loop. The wind tunnel circuit standing wave and the plenum Helmholtz mode
are widely reported as the two most common sources of excitation. More recently, planar
standing wave modes in the plenum have been identified as a source of excitation. The
authors contend that past studies may have underestimated the possibility of low-frequency
pressure fluctuations due to planar standing waves in a plenum.

In addition to resonance with edgetone feedback, if the frequencies of two passive
modes are close enough to meet the resonance conditions, these two modes might also
produce significant low-frequency pressure fluctuations through self-excitation.
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• Control methods

Passive control methods are efficient and cost-effective, making them the most widely
used low-frequency pressure fluctuation control techniques. In contrast, active control
methods, while effective, require complex control schemes to achieve the desired results
and are rarely used in large wind tunnels.

A variety of low-frequency pressure fluctuation control techniques are commonly
employed at two key locations where edgetone feedback occurs: the nozzle and the collector.
The goal of these measures is to either attenuate the edgetone feedback to some degree
or change its frequency to avoid resonance with the inherent modes of the wind tunnel.
Incorporating vortex generators into the jet nozzle is a cost-effective control approach,
although it does introduce broadband noise. Compared to two-dimensional sheet spoilers,
three-dimensional vortex generators can partially mitigate the introduced broadband noise.
The implementation of a breathing gap serves as a widely used optimization measure
for collectors, and this method needs to be introduced at the design stage. In addition,
the optimization of the collector shape is effective in some cases, but the selection of the
optimized shape requires trial and error and is expensive.

When a standing wave is excited in the transverse or vertical direction of the plenum,
increasing the size of the collector inlet to fully enclose the jet appears to be an effective
means of controlling significant low-frequency pressure fluctuations. However, widening
the collector may not always be a practical option for large open-jet wind tunnels in
operation. In such cases, the use of CVG can reduce the jet expansion angle to some extent
and achieve similar results to widening the collector. The ability of CVG to control jet
development by adjusting their expansion angle may also prove useful in jet situations
other than open-jet wind tunnels.

By adjusting their size, Helmholtz resonators are capable of suppressing pressure
oscillations at specific frequencies in the plenum and pipe loop. Once the wind tunnel is
in operation, the cost of applying this measure is relatively high. By reserving adjustable
Helmholtz resonators at certain key locations in the wind tunnel pipe loop, such as near
the collector and diffusers, these resonators can be adjusted after the wind tunnel is in
operation to suppress pressure pulsations at specific frequencies.

• Unsolved problems

As the primary excitation source for low-frequency pressure fluctuations in open-jet
wind tunnels, the general framework of edgetone feedback is well established. However,
there remains some ambiguity as to how exactly the pressure wave affects the formation of
coherent vortex structures in the shear layer. Therefore, it would be helpful to study the
complex interaction between pressure waves and shear layers to develop a more accurate
model for predicting the edgetone feedback. This is also important for understanding other
types of jet impingement phenomena.

Standing waves were observed in three directions of the plenum in the SKLA-01
wind tunnel, with both longitudinal and transverse standing waves reaching resonance
conditions with edgetone feedback. It is unclear whether the appearance of the longitu-
dinal standing waves is due to resonance with edgetone feedback or self-excitation with
transverse standing waves, or a combination of both.

When the standing wave is excited in the transverse direction of the plenum, the
installation of a floor in the open-jet wind tunnel test section significantly increases the
intensity of the low-frequency pressure fluctuation. What is the mechanism? How can it
be controlled?
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Abbreviations
The following abbreviations are used in this manuscript:

AAWT Audi Aeroacoustic Wind Tunnel
ARC Active Resonance Control
BMW AVZ Aerodynamic Test Center of Bavarian Motor Works
CVG Corner Vortex Generator
DNW-LLF Large Low-Speed Facility of the German–Dutch Wind Tunnels
DNW-NWB Low-Speed Wind Tunnel Braunschweig of the German–Dutch Wind Tunnels
FKFS Institute of Automotive Engineering and Vehicle Engines Stuttgart
IVK-MWT the IVK 1:4-scale Model Wind Tunnel in Stuttgart
LAWT Large Acoustic Wind Tunnel
HAWT Hyundai Motor Aeroacoustic Wind Tunnel
NASA National Aeronautics and Space Administration
NRC/IAR Institute for Aerospace Research of the National Research Council of Canada
RMS Root Mean Square
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