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Abstract. The present paper reports an experimental analysis of phenomena associated with the coupling mechanism 
between flow and acoustic fields in ducts provided with resonators. Such a coupling can be explained by three effects. 
The first one is associated with the dissipation of acoustic modes by the flow in the presence of external acoustic 
sources. The second aspect is linked to self-sustained oscillations originated by the interaction between the flow and 
the acoustic field in the resonator. Finally, the irradiated noise from the jet exiting the duct is also relevant and has to 
be considered in this situation. The main motivation for the present study is related to the design of mufflers of 
reciprocating compressors, in which it is fundamental to understand how the flow field affects the performance of 
resonators.  
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1. INTRODUCTION  
 

Acoustics filters are devices widely employed in reciprocating compressors, but in some situations their application 
may not be appropriate due to resonances of the acoustic system. In such cases, the performance of these devices can be 
improved by applying T-shaped resonators to suppress critical frequencies. These side branch resonators are acoustic 
reactive elements of sound absorption that are tunable for multiple or specific frequencies, and can be applied with the 
purpose of noise control in acoustic filters, such as compressor mufflers. The sound attenuation of resonators is usually 
provided by abrupt changes in acoustic impedance that are created with their coupling to acoustic geometries. 

In most cases, the influence of the flow is not considered and the resonator acoustic characteristics are determined 
through a linear acoustic approach. It has been shown that for certain situations this methodology provides a robust and 
convenient method to determine such characteristics (Mareze, 2009). However, some results (Souza, 2009; Radavich et 
al., 2001) demonstrate that the presence of fluid flow can make the linear acoustic approach inappropriate in some 
situations, especially if the turbulent flow regime prevails. In fact, when feedback resonances of the closed side branch 
are assessed, it can be shown that the flow effects may turn a T shaped resonator into a potential noise source. 

The main goal of this paper is to experimentally investigate noise attenuation systems of reciprocating compressors 
that employ a side branch acoustics resonator. To allow a detailed analysis of the flow effects on the acoustic system, 
measurements of the flow were carried out in the main duct with and without an acoustic resonator. 
 
2. EXPERIMENTAL SET-UP 
 

Three experimental setups were adopted in order to analyze flow effects on resonances associated with a simple duct 
and a coupled acoustic system. These setups can be systematized in the following purposes: 

 
1. Measurement of the acoustic transfer function for an acoustic system made of a simple duct, with and without a 

resonator; 
2. Measurement of the global external noise system; 
3. Measurement of acoustic pressure level at the closed extremity of the T shaped resonator. 
 
In all experiments, a compressor was used to generate the flow in the system, with air being admitted from 

atmospheric condition. The mean flow velocity was determined from the volumetric flow rate measured by means of a 
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calibrated Micro-Motion, D6 model, Coriolis flow meter, resulting in an uncertainty of about 0.75 m/s for velocity 
measurements (Souza, 2009). 

A schematic view of the test facility used in all experiments is shown in Fig. 1. 
 
 

 
 

Figure 1. Schematic of the test facility 
 
For the assessment of the transfer function, the experiments were carried out with an external sound source. The idea 

was to excite the internal resonances of the system through an acoustic field, initially in the absence of fluid flow. Then, 
tests were conducted for different flow conditions, by adjusting the mass flow rate. In this way, the effect of the flow 
regime, laminar and turbulent, on the internal acoustic field could be analyzed, with a very prominent effect being 
observed on the sound energy associated with the internal resonance. The related problem of acoustic noise generated 
by the flow in the duct was also investigated, but in this case the measurement of the global external noise was 
performed without using an external sound source.  

Experiments in the test facility were performed with air driven to a 70 mm pipe. In some cases, a T-shaped 
resonator (Lr = 35mm) was applied at the middle of the main duct. As can be seen in Fig. 2, two setups were used for 
the following goals: a) analysis of the flow effect on the duct resonance with and without a resonator; b) analysis of the 
noise generated by the flow in the duct with and without a resonator. The purpose of the first analysis was to determine 
the shifting of the acoustical characteristics originated by the flow, through the assessment of the transfer function and 
the associated experimental coherence. 

 

 
 

Figure 2. Experimental setups: a) Analysis of the flow effect on the resonance associated with a single 
duct (I) and a coupled system (II), b) Analysis of flow noise in a single duct (I) and with a coupled system (II). 
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The setup (a) was used to determine the interaction of resonance with the flow within the duct, considering the 
attenuation of resonances due to turbulence in the duct for arrangements I and II, as illustrated in Fig. 2a. For this 
analysis, an external sound source and two ½” B&K 4189 pre-polarized free field microphones were used, as indicated 
in Fig. 2a. One of the microphones was located upstream and the other downstream of the acoustic system, so as to 
obtain the transfer function and the coherence associated with the quality measurement. As already pointed out, the 
effect on the flow noise was determined through setup shown in Fig. 2b, without using an external noise source. 

The acoustic pressure fluctuation was also monitored at the closed extremity of the resonator with the objective of 
observing any feedback mechanism of the acoustic field in the cavity. This is a non-linear mechanism (Ziada, 1994) 
produced by the coupling between the flow at the open extremity and the resonance originated in the resonator.   

Pressure oscillations are induced by the flow when the resonator is assembled to the main duct (Souza, 2009). For 
certain conditions, the resonator may become even a noise source, due to vortex shedding at the leading edge of the 
cavity, with a subsequent transfer of flow energy to the acoustic field in the cavity. Figure 3 gives a schematic view of 
experimental setup used to investigate this effect. 

 

 
 

Figure 3. Schematic of the experiment setup for measuring the acoustic field inside the  
resonator in the presence of flow. 

 
3. RESULTS  

 
Initially, results are presented for a discussion of flow effects on the resonance, considering the experimental setup 

with an external noise source, but without the resonator. Figure 4 shows a comparison of results for the acoustic transfer 
function resulting from three situations: duct without flow, duct with laminar flow (Re = 1,335), duct with turbulent 
flow (Re = 18,371). Additionally, an analytical result based on the linear acoustic theory, not considering the flow, is 
also presented. 

 
 

Figure 4. Experimental results for Transfer Function in the main duct without flow, with laminar flow (Re = 1,335) 
and with turbulent flow (Re = 18,371), compared to the analytical solution without flow. 
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The modes present in the duct, considering a correction for the open end can be determined by the following 
expression (Pierce, 1989): 
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where m is the mode number related with the natural frequencies of the duct, c0 is the speed of the sound, and L is the 
corrected tube length.  

The excitation of resonance modes, m, is very clear even in the presence of flow in the duct. The amplitude of the 
transfer function for laminar flow, corresponding to U0=3.0m/s, is very similar to results obtained for the system 
without flow. On the other hand, it can be seen that for higher mass flow rate, associated with the turbulent regime, an 
asymmetric distribution and subsequent dissipation of resonances modes appear. 

As indicated by Ingard (1975), the additional damping of modes by the turbulent flow is due to the vortex shedding 
generated by the jet at the duct exit. A hypothesis that could explain the damping of higher modes is the proximity 
between their wave lengths and the characteristic length of the vortex shed at the duct exit.  

 The modes of a closed side branch can be determined by the following expression (Pierce, 1989): 
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where m is the mode number related with the corresponding natural frequencies, c0 is the speed of sound, and rL is the 

corrected length of the resonator tube. Results for the flow effect on the acoustic response of a duct with a resonator are 
show in Fig. 5. 

 
 

Figure 5. Experimental data for transfer function in the duct with resonator. 
 

The experimental data show a similar behavior for all curves, with a dissipative trend for those situations of higher 
velocity magnitude, which is a consequence of the intrinsic turbulent flow regime. Transfer functions of tonal frequency 
components, represented by resonances in Fig. 5, show the dissipative behavior is very significant for certain velocity 
levels. For instance, in the frequency range 7kHz < fm < 8kHz the modes are clearly damped when compared with other 
modes, with the resonance peaks becoming asymmetric due to convection and turbulence dissipation. 

With the purpose of examining whether the dissipative effect is caused by the turbulent flow in the main duct, 
experimental data for coherence was also obtained, since this is a powerful parameter to determine the quality of a 
given measurement. For the present situation, it is expected that the loss of coherence is a result of turbulence 
dissipation in the flow. Souza (2009) carried out experiments without flow and observed no loss of coherence, 
confirming the aforementioned phenomenon. 

The next step was to analyze results of noise generated by the flow in the system with and without the resonator. 
For this situation, no external noise source was applied. An investigation of flow noise in ducts (Ingard et al., 1975) was 
used as a reference for the present experimental approach. It should be noted that it is difficult to differentiate between 
the flow noise within the duct and the overall noise at the exit of the duct. Results for global external noise generated by 
the flow in the main duct, with and without a resonator, are shown in Fig. 6. 
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Figure 6. Experimental results for SPL at the duct exit, with and without the presence of a resonator.  
 

Low-frequency noise is generated by the turbulent jet at the duct exit, while contributions at high-frequency are 
fully due to resonances modes. For the duct without the resonator, a turbulent shear layer occurs only at the duct exit 
and, therefore, energy loss in low frequency is less significant. However, when a resonator is used the flow separation in 
the intersection region between the resonator and the main duct causes an additional energy loss. Therefore, this aspect 
entails a greater loss of energy in the low frequency range when compared with the duct without a resonator. The 
evidence of this non-linear effect is exposed in Fig. 6.  Firstly, the figure shows that significant excitation can only 
occur for flows with high velocity magnitude. For instance, low velocity levels (U0=8.1m/s) are seen not to excite 
internal modes. However, for the resonance frequency close to 3 kHz the sound pressure level (NPS) for U0=26.0m/s is 
greater than that for U0= 41.6m/s, which is result opposite to the one that could be expected.  

Considering a mean flow velocity U0 = 26.0m/s and the resonator diameter d = 3.2mm, the first axial mode of the 
resonator (fm = 2400 Hz) corresponds to a Strouhal number Sr = 0.32. This hydrodynamic mode is associated with a 
single vortex shed in the intersection region. When the time residence of the vortex is less than the acoustic period 
related with the frequency mode of the closed side branch, two vortices are shed in that region. This situation 
corresponds to the second hydrodynamic mode (Kriesels et al., 1995).  

The decay of the shear layer instabilities in coherent structures of elevated vorticity only depends of the excitation 
amplitude of the acoustic field in the resonator, as pointed out by Bruggeman (1991). Figure 7, extracted from Dequand 
et al. (2001), provides an insight about such situations.  

Results for pressure fluctuation at the closed extremity of the resonator associated with the first and second 
hydrodynamic modes of the acoustic system are presented in Fig. 8, as a function of the mean flow velocity. 

 

 
 

     (a)               (b) 
 

Figure 7. Schlieren visualization of the flow in the intersection region: (a) First hydrodynamic mode;  
(b) Second hydrodynamic mode (Dequand et al., 2001). 
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Figure 8. Experimental data for acoustic pressure at the top of the closed side branch. 
 
The acoustic pressure measured at the closed end of the resonator has its highest levels for flow velocities between 

20m/s and 30m/s. For the first axial mode, the Strouhal number is found to be in the range 0.3 < Sr < 0.5, whereas for 
the second axial mode, 7.2 kHz, the range is changed to 0.5 < Sr < 1. It can be observed that energy transfer will be 
smaller for the second mode due to the presence of two vortices in the junction between the duct and the resonator. 

 In line with the Bruggeman criteria, the results show that the self-sustained amplitude regime corresponds to a low 
feedback regime (Bruggeman et al., 1991). Therefore, in the present case, the energy transfer by the flow to the acoustic 
field in the resonator cavity is compromised due to the vorticity diffusion at the junction. 

The amplitude of the feedback mechanism found in the present work is smaller than the results provided by 
Bruggeman et al. (1991) and Jungowski et al. (1989). This is a consequence of the laboratory test facility, combined 
with the filter geometric parameters, which was not able to supply Reynolds numbers for the flow as high as those 
employed in the aforementioned references. 

  
4. CONCLUSION 

 
The present paper considered an experimental analysis of the coupling mechanism between flow and acoustic fields 

in ducts provided with resonators, which are of great importance in mufflers of reciprocating compressors. The results 
show that excitation of axial modes by the flow is greater for higher Reynolds number flows. The experimental results 
also show a dissipation of axial modes promoted by turbulence in the flow field. The effect of an interaction between 
the turbulent flow and the acoustic field can negatively alter the characteristics of the filter. Hence, the common 
procedure of adopting a linear acoustic approach to analyze resonators must be revised, if the acoustic system is to 
operate in the presence of fluid flow. The results obtained in this study show that the flow can excite a third mode in the 
duct that can not be attenuated by the resonator. Moreover, it has been found that the presence of a resonator can even 
generate higher sound pressure levels than would occur if no resonator was applied. Another effect related with the flow 
field is the self-sustained oscillations associated with the coupling between the flow and the acoustic field in the closed 
side branch acting as a resonator. Previous results show that such interactions can make the acoustic resonator to behave 
like a noise generator. 
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