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Aeroacoustic characterization of acoustically-treated turbulence
grids in axisymmetric contraction for open-jet wind tunnels

L. N. Quaroni∗ and R. Merino-Martínez†

Faculty of Aerospace Engineering, Delft University of Technology, 2629 HS Delft, the Netherlands

The application of an acoustically absorbent material (melamine foam) is investigated for
the treatment of turbulence grids in an anechoic open-jet wind tunnel facility featuring an
axisymmetric contraction. A comparative study of both the generated turbulence and the grids’
self-noise is performed. It is found that the application of melamine foam on the downstream side
of the grids marginally affects the produced turbulence, while providing an efficient suppression
of tonal peaks in the grids’ self-noise spectrum. Broadband noise levels instead show opposing
trends depending on the frequency range considered. On the one hand, a general decrease due
to the acoustic treatment is observed for Strouhal numbers lower than unity. On the other, an
increase, in the form of broad peaks, is seen to occur over certain higher frequency ranges.

List of Symbols
Standard Symbols

𝐴 𝑓 𝑙𝑜𝑤 Open area of grids, [m2]

𝐴𝑖𝑛 General nozzle inlet area, [m2]

𝐴𝑜𝑢𝑡 General nozzle outlet area, [m2]

𝐶 Power-law constant of proportionality [-]

𝑑 Bar width, [m]

𝐷𝑒𝑥𝑡 Exit diameter of additional axisymmetric contraction, [m]

𝐷𝑤𝑡 Wind tunnel exit diameter, [m]

𝑓𝑐 Centre frequency [Hz]

𝐾 Kurtosis, [-]

𝐿 𝑝 Sound pressure level referenced to 𝑝𝑟𝑒 𝑓 = 20 𝜇Pa, [dB − dB/Hz]

𝐿𝑖 Length of cylindrical melamine foam insert, [m]

𝐿 𝑝1/12 Sound pressure level of 1/12-octave band centred at 𝑓𝑐 and referenced to 𝑝𝑟𝑒 𝑓 = 20 𝜇Pa, [dB]

𝑀 Mesh width, [m]

𝑟 Radial coordinate, [m]

𝑅𝑒𝑑 Reynolds number (= 𝑈∞𝑑/𝜈), [-]

𝑆 Skewness, [-]

𝑆𝑡 Strouhal number (= 𝑓 𝑑/𝑈∞), [-]

𝑡𝑔 Thickness of untreated grids, [m]
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𝑡 𝑓 ,𝑖 Thickness of cylindrical melamine foam insert, [m]

𝑡 𝑓 Thickness of grid melamine foam coating, [m]

𝑈 Streamwise velocity at the nozzle exit, [m/s]

𝑢 Streamwise velocity fluctuations, [m/s]

𝑈∞ Average streamwise velocity at the nozzle exit, [m/s]

𝑢𝑟𝑚𝑠 Root-mean-square of streamwise velocity fluctuations, [m/s]

𝑤 Bin width of the normalized histogram, [-]

𝑥 Axial coordinate with origin on downstream plane of turbulence grids, [m]

𝑥′ Axial coordinate with origin at nozzle exit, [m]

Greek Letters

𝛽 Grid porosity (= 𝐴 𝑓 𝑙𝑜𝑤/𝐴𝑖𝑛), [%]

𝛾 Power-law exponent [-]

Λ𝑥 Longitudinal turbulence integral length scale, [m]

𝜈 Kinematic viscosity of air at 20◦C, [m2/s]

Φ𝑢𝑢 Power spectrum of streamwise velocity fluctuations, [(m/s)2]

𝜗 Polar angle of the directivity arc, [◦]

Acronyms

CR Contraction ratio (= 𝐴𝑖𝑛/𝐴𝑜𝑢𝑡 ), [-]

HWA Hot-wire anemometry

LDV Laser Doppler Velocimetry

OASPL Overall Sound Pressure Level, [dB(A)]

PDF Probability density function

SMSB Square-mesh square-bar

TI Streamwise turbulence intensity (= 100 𝑢𝑟𝑚𝑠/𝑈∞), [%]

I. Introduction
Awareness of aircraft acoustic emissions and their negative impact on societal well-being has grown steadily over the past
few decades [1]. The introduction of Unmanned Aerial Vehicles (UAVs) for commercial and recreational use, starting in
the early 2010s, brought the topic to the general public’s attention [2]. Field acoustic measurements allow for a global
quantification of aircraft noise emissions and provide invaluable information on the highly site-specific interaction of
aircraft noise sources and the surrounding environment [3, 4]. However, this same inherent variability of field testing
may hinder a clearer understanding of the role that different components play in the generation of noise [5]. The greater
control over environmental conditions during aeroacoustic testing in wind tunnels offers, therefore, a valid alternative
to field testing if the effect of specific parameters is to be investigated. Open-jet wind tunnels are particularly well
suited for aeroacoustic testing due to the possibility of placing the test section within an anechoic plenum to simulate
acoustic free-field conditions above a certain cut-off frequency, depending on the room’s geometry [6]. This also enables
placing the acoustic measurement equipment outside of the flow, to avoid the contamination of the measurements by
hydrodynamic pressure fluctuations [7]. The combined use of flow conditioners and exit nozzles with large contraction
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ratios (CR) enables spatially homogeneous inflow velocity fields characterized by vanishingly small turbulence levels.
The root-mean-square values of the streamwise velocity fluctuations 𝑢rms in typical facilities are usually in the order of
0.1% of the value of the set freestream velocity 𝑈∞ [8–10]. This characteristic makes open-jet wind tunnels also ideal
for fundamental fluid dynamics studies across a range of disciplines beyond that of aeroacoustics [11]. On the other
hand, aerodynamic noise generation is highly influenced by the presence of turbulence, so much so that the second of
Lighthill’s seminal papers on the subject contains the word ‘turbulence’ in its title [12]. The typical lack of turbulence in
open-jet wind tunnels can, therefore, be a serious issue if the phenomenon under consideration is defined by it. A classic
example is the case of turbulence-airfoil interaction, whereby the presence of a fluctuating lift force on a stationary
airfoil greatly increases its noise emissions [13]. The large number of propulsive solutions employing propellers in
UAVs and other advanced air mobility solutions has also increased the instances of rotor-propeller interaction, with
the presence of turbulent inflows to the rotor disk as a common side effect, e.g. [14]. In addition, novel aircraft
configurations typically consider propulsive systems featuring boundary layer ingestion for its propulsive advantages [15].

An efficient method for simulating turbulent inflow conditions is to generate nearly-isotropic and nearly-homogeneous
turbulence through the use of grids placed perpendicularly to the flow. A slight contraction (CR ≈ 1.3) immediately
downstream of the grid helps in improving the resulting flow isotropy [16]. Roach [17] provided guidelines for the
design of such grids in the case of closed-section wind tunnels, whereas Kurian & Fransson [18] offered a complete
overview of their characterization through hot-wire anemometry (HWA). However, the lack of confinement in open-jet
facilities makes the design of such grids more complicated, with no comprehensive set of guidelines currently available.
Due to the increased popularity of open-jet aeroacoustic facilities, though, knowledge on the subject is rapidly increasing.
Given the intended applications of these grids, investigations involving their use in open-jet wind tunnels focus on their
noise generation properties, as well as on their turbulence production characteristics. Geyer et al. [19] measured the
pressure losses and the noise generation induced by flow through fine screens and nets at the nozzle exit of an open-jet
wind tunnel. It was reported that, for such types of flow conditioners, the dominant noise source at low frequencies was
the wind tunnel jet itself, whereas the net parameters became increasingly more important at higher frequencies. Bowen
et al. [20] focused on single-plane grids with relatively large square mesh sizes more typical of previous aeroacoustic
studies involving the use of turbulence grids, e.g. [21, 22]. They produced a comprehensive dataset of both noise
emissions and turbulence statistics generated by grids with different mesh sizes and different contraction ratios, with
particular emphasis on the possible benefits arising from the additional contraction downstream of the grid. This last
part was achieved by placing the grids at different positions along the wind tunnel’s fixed converging nozzle. They
showed that a contraction ratio CR ≈ 4 produced turbulence characteristics comparable with the suggested CR ≈ 1.3
for improved isotropy, with the added benefit of a considerable reduction in the grids’ self-noise. More recently, Li et
al. [23] complemented previous works ([24, 25]) on the possible benefits of adding acoustic-absorbent material on the
downstream side of turbulence grids to reduce the grids’ self-noise. The addition of the acoustic absorbing material had
a limited effect on the generated turbulence statistics, with slight improvements in self-noise mitigation over certain
frequencies and increased self-noise levels over others. A major advantage of the acoustic treatment was the suppression
of tones that were related to vortex shedding near the grids. The same issue (vortex-shedding tonal noise) was also
observed under certain conditions by Bowen et al. [20].

It is worth noting that all the work cited above deals with open-jet contractions of rectangular cross-sections.
The present contribution is, therefore, meant as an extension of these investigations to the case of axisymmetric nozzles,
whose symmetry might prove beneficial in certain applications where axial symmetry is preferred (i.e. propeller
studies). In particular, the case of square-mesh arrays of square bars (SMSB) grids with and without the application of
acoustic absorbing material on the downstream side and placed upstream of a slight contraction (CR ≈ 2) is considered.
The remainder of the paper is structured as follows. Section II outlines the experimental setup employed and the
test conditions. Section III presents the results in terms of the characteristics of the generated turbulence and the
corresponding self-noise levels. Finally, Section IV draws some conclusions.

II. Experimental setup and test conditions

A. Overview
The experiments were conducted at the vertical, open-jet, anechoic wind tunnel (‘A-Tunnel’) of Delft University of
Technology. The main characteristics of the facility can be found in the work by Merino-Martínez et al. [26]. The setup
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consists of an axisymmetric contraction mounted at the exit of the main wind tunnel’s circular nozzle (𝐷𝑤𝑡 = 600 mm)
and of three single-plane SMSB grids which can be inserted between the main wind tunnel exit and the additional
contraction (see Figs. 1 and 2). The axisymmetric contraction was 3D-printed, whereas the grids were produced through
water-jet cutting of 5-mm-thick (𝑡𝑔) aluminum sheets. The contraction (CR ≈ 2, 𝐷𝑒𝑥𝑡 = 420 mm) was added in an
effort to both improve the turbulence isotropy, increase the maximum attainable flow velocity, and mitigate the self-noise
generation of the grids, as suggested by Bowen et al. [20].

Fig. 1 Overview of the experimental setup during acoustic testing at the open-jet anechoic wind tunnel (‘A-
Tunnel’) of Delft University of Technology. Note the melamine foam panel covering the 64-microphone array.

Both contraction and grids were developed and utilized for the investigation of the acoustic emissions by an isolated
propeller subjected to turbulent inflow, as detailed in Quaroni et al. [27]. The data presented here for the untreated
grids were collected during that experimental campaign and served as a reference for the propeller measurements.
Nevertheless, acoustic reflections and strong tonal peaks were found to contaminate the acoustic data [28]. In a
subsequent test campaign, a series of preventive measures were taken. In particular, pyramidal polyurethane foam and
melamine foam panels were applied to all exposed surfaces, including the nozzle flange, see Figure 1. Additionally, a
10-mm thick melamine foam sheet with a 10◦-slope leading edge was placed around the inner walls of the contraction’s
end cylindrical section of length 𝐿𝑖 = 150 mm, see Fig. 2. Additional information regarding the foam treatments of the
nozzle can be found in [28]. Drawing from the work of Li et al. [23], melamine foam panels of thickness 𝑡 𝑓 equal
to 20 mm were water-jet cut and applied downstream of the grids to both mitigate acoustic reflections coming from
downstream and prevent the generation of vortex-shedding tones.

Table 1 Geometric parameters of turbulence grids (see the List of Symbols and Figure 2 for the definition of
each parameter).

Grid
[-]

𝛽

[%]
𝑑

[mm]
𝑀

[mm]
𝑡𝑔

[mm]
𝑀/𝐷𝑤𝑡

[-]
𝑑/𝑀

[-]
𝑡𝑔/𝑀

[-]

A 64 7 35 5 0.06 0.20 0.14
B 64 10 50 5 0.08 0.20 0.10
C 64 12 60 5 0.10 0.20 0.08

Figure 2 depicts a cross-sectional view of the axisymmetric contraction and the design parameters characterizing the
grids (i.e. bar width 𝑑 and mesh width 𝑀) while Table 1 lists their values. The design of the grids was based on the
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