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Flow–acoustic interaction in tube banks can lead to strong sound amplification and whistling, but the 

controlling flow scales remain unclear at high Reynolds numbers. This study investigates the acoustic 

scattering of single and double transverse rows of circular cylinders in a rectangular duct. Two–port 

measurements are used to determine reflection, transmission and acoustic power balance over a range of 

Mach and Reynolds numbers extending into mixed and fully turbulent separation regimes. 

   A modified Cummings–type model is introduced to link the measured low–frequency impedance to 

effective jet parameters in the cylinder gaps. Two complementary identification procedures are proposed: 

(i) a quasi–steady impedance method based on alternative low–frequency limits of the transfer impedance, 

and (ii) a power–balance–based method that exploits the quasi–stationary plateau of the measured power 

ratio. Both approaches indicate, at least for the single row case, that the separated shear layers form a jet 

whose width increases with Mach number and can exceed the geometric gap. Using these inferred jet 

properties, a jet–based Strouhal number Stj = 2πf hj/Uj is defined. When the power balance is plotted against 

Stj , the amplification behaviour collapses onto a compact range. The results show that the relevant time 

and length scales for flow–induced acoustic amplification are set by the separated jet, and they provide a 

physics–based criterion for identifying operating conditions where tube–row whistling and resonance are 

likely to occur. 

1 Introduction 

Cylinders or tubes in cross flow is a type of configuration that is part of for example heat exchanger. In that case, it is the 

thermal properties that are the primary focus related to the function of the device. However, low noise design is an enabler 

that allows the technology to be applicable in a real system.  

In such systems, there are several phenomena that can create sound within the system, both machinery and flow generated 

sound. The sound can be generated and then propagated to the set of cylinders where it may be amplified by the flow 

acoustic coupling, or sound can be generated by the flow around the cylinders and sometimes cause loud whistling. 

Acoustic resonances of the confined space or mechanical resonances may couple to the sound and result in sound levels 

that are problematic both regarding externally radiated sound as well as for high noise levels that may cause fatigue and 

damage inside the device. 

Thus, it is interesting to understand the different types of flow acoustic coupling that may occur. This knowledge can then 

be the basis for low noise design guidelines. 

In this paper, a parameter regime with plane wave propagation, i.e., low frequency sound, and high Reynolds numbers, 

i.e. relatively high flow speeds, is investigated. The aim is to study sound incident on and scattered from a single tube 

row in cross flow, and to find methods to identify conditions when sound power is amplified by the flow acoustic 

interaction. 
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The results and major part of the analysis presented in this paper has been presented at InterNoise 2024 [1]. 

2 Experiments 

The experimental investigation is designed as follows: A transverse row of circular cylinders is mounted in a duct. The 

duct is connected to an acoustic wind tunnel, which provides a controlled flow field. Sound waves are generated at a 

controlled frequency and generated at an upstream location and a downstream location, respectively, relative to the 

cylinder row. The acoustic response to waves incident on the cylinder row is then investigated through determining the 

so-called power balance.  

The setup consists of a rectangular duct connected to the acoustic wind tunnel. The duct has a cross-sectional geometry 

of 25 by 120 mm, and 25 mm long cylinders are places with two half cylinders positioned next to each wall to ensure 

symmetry for the flow. The cylinders are circular with diameter 20 mm, and a gap of 8 mm and the width in the test 

section is 120 mm.  

The frequency range investigated is 50 – 2000 Hz, with stepped sine excitation in 50 Hz frequency steps. The cut-on 

frequency for first higher order acoustic mode is about 1.4 kHz, but with symmetric excitation from the loudspeakers, 

this mode is not excited by the loudspeaker nor can the scattering result in any such mode.  

The flow speed range from 6 to 30 m/s, at room temperature. That corresponds to a Mach number in the duct up to 0.1  

and in the gap up to 0.3. Compressibility effects are not considered, although when the Mach number in the gap is around 

0.3, compressibility effects may start to play a role. The flow speed range represents Reynolds number, based on the 

cylinder diameter and the flow speed in the gap, in the range of around 3*104 to 1.5 *105. 

The acoustic field is analysed by a two-port method, based on plane wave propagation, where the amplitude of the waves 

in upstream and downstream direction, respectively, are determined from measuring the acoustic pressure at two or more 

locations upstream and downstream of the test section, respectively. The determined amplitudes are in turn used to 

calculate the so-called scattering matrix, relating the incident sound wave amplitudes to the amplitudes of the scattered 

waves including waves incident from both downstream and upstream.  

The results for the power balance, that is the ratio between incident acoustic power and the total of the reflected and 

transmitted power, is then calculated and shown in Fig. 1, which shows the power balance as a function of frequency.  
Each curve represents the power balance for one specific flow speed. A significant flow acoustic interaction influence is 

now observed, as a value deviating from one means eighter that acoustic power is dissipated to the flow field – values 

smaller than one – or that energy from the flow field is amplifying the sound – values larger than one. However, the 

different features, like the maximum value, does not occur at a certain frequency but is dependent on theref flow speed. 

Thus, this calls for an identification of the relevant parameter combinations related to the flow-acoustic coupling that is 

governing the observed flow acoustic interaction. 

 

 

Figure 1. The power balance as function of frequency for three different mean flow speeds, adapted from [1]: 

Black: Mean Mach numbers M = 0.017, red: M = 0.047, blue: M = 0.088.  

Solid line: experimental results, dashed line: quasi-steady estimation. 
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3 Modelling and results 

As can be observed from the results presented in Section 2, analysis based on the power balance shows distinctive regimes:  

For low frequencies the power balance value is about constant not varying with frequency, but has different constant 

values for different flow speeds. This regime is denoted quasi-steady, and in this parameter regime it can be assumed that 

the acoustic time scale is much longer than the corresponding hydrodynamic time scale. The value of the power balance 

is smaller than one, indicating that the total sound power in the reflected and transmitted waves is smaller than in the 

incident wave. Thus, the acoustic energy is decreased in the flow – acoustic interaction.  

At a certain frequency, the power balance starts to increase with frequency until it reaches a maximum and then start to 

decrease again. Within this regime, the power balance might become larger than one. For these combinations for acoustic 

and flow conditions, energy is transferred from the flow field to result in amplification of the incident sound. It can be 

assumed that there is strong interaction between the flow field and the acoustic field and that their respective time scales 

in the region where this coupling takes place – the point of flow separation – are similar or at least of the same order. 

The aim with this study is to identify the relevant parameters and parameter combinations that are connected with the 

amplification. As noted from the initial graphs for the power balance, the frequency alone is not a useful parameter here. 

Flow acoustic interaction phenomena are generally dependent on a so-called Strouhal number St, defined as 

 

 𝑆𝑡 =
2𝜋𝑓𝐿

𝑈
 (1) 

 

where L is a characteristic length or other geometrical scale of the problem, f is the acoustic frequency involved and U is 

a characteristic flow speed. The challenge is to identify the characteristic scales connected, in this case, with the 

amplification of incident sound. 

The analysis has been based on the assumption that it is the features of the jet formed when the flow passes through the 

gaps between cylinders that is of importance. This jet is here characterized by its height, hj, and the mean flow speed in 

the jet, Uj. Earlier literature on cylinders in cross-flow shows that the position of the point of flow separation is strongly 

dependent on the Reynolds number, Re. For small enough Re, the point of flow separation is upstream of the gap, forming 

a jet which contracts to a width smaller than the gap width, also known as a vena contracta effect. As the value of Re 

increases, which in the present case is the same as an increase in flow speed, the point of flow separation moves along 

the surface and for large enough Re the point of flow separation is on the downstream side of the cylinder. In that case, 

the width of the jet is larger than the gap width and the flow speed in the jet is lower than the flow speed in the gap. 

The values of the jet parameters have been deduced with two different methods, where both methods are based on the 

experimental results in the quasi-steady regime. The two methods are 

(i) Quasi–steady impedance method based on alternative low–frequency limits of the transfer impedance 

In this method, the transfer impedance in the low-frequency limit is calculated from the scattering matrix values in the 

quasi-steady regime [2]. The transfer impedance is the related to the jet parameters, and the jet parameters can be 

determined.  

(ii) Power balance–based method that exploits the quasi–stationary plateau of the measured power ratio 

To this end, the so-called Modified Cummings model is employed. The model originates from modelling of sound 

propagation though slits with bias flow and has been adapted to the case of cylinders in cross-flow [3]. In Surendran et al 

[2], low frequency approximations for the power balance are non-linearly dependent on the jet hight, such that the value 

for the jet hight and jet velocity can be iteratively determined by these relations.  

Here, we will show results based on (ii), but the results achieved with method (i) show similar results and the same trends. 

The values for the jet hight and the jet velocity are used to determine a Strouhal number bases on these parameter values. 

Figure 2 shows the power balance as function of this jet parameter Strouhal number. In comparison with the graphs in 

Figure 1, it is clear that the power balance has its maximum at a certain value of the jet Strouhal number. This indicates 

that if the risk for excessive noise levels linked to this phenomenon can be predicted with this dimensionless number. 

This also opens the option for early design changes to avoid such problems to arise.  
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Figure 2. The power balance as function of the jet-based Strouhal number, adapted from [1]: 

Black: Mean Mach numbers M = 0.017, red: M = 0.047, blue: M = 0.088.  

Solid line: experimental results, dashed line: quasi-steady estimation. 

4 Summary and conclusion 

The results show that there is a significant flow acoustic coupling phenomena affecting the dissipation and amplification 

of sound propagating in systems with cylinders in cross flow. The flow features that are influencing this has successfully 

been investigated by a combination of acoustic experiment and low frequency models. The analysis results in a Strouhal 

number, based on these jet parameters.  

Future development includes studies of the actual flow field in the undisturbed case and with acoustic forcing, as well as 

studies of the flow acoustic interaction in the case of two or more consecutive cylinder rows, in various configurations 

such as parallel or staggered, and with cylinders with various cross sectional area shape. 

The goal would be to develop design guidelines for low noise solutions, identifying operating conditions where whistling 

or resonant behaviours can be avoided.  
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