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Excitation of flow-acoustic feedback mechanisms by turbulent internal flows has long been recognized, 

but the industry continues to be plagued by its undesirable consequences, manifested in severe vibration 

and noise problems in a wide range of industrial applications. 

In this work, instabilities of separated shear flows and their coupling mechanisms with sound waves are 

experimentally observed. Two scenarios are investigated: the first one concerns that of a ducted tandem 

diaphragm in which the fluid-dynamic mechanism is caused by flow impingement on the second dia-

phragm, the second one concerns that a fluid-resonant mechanism caused by the excitation of quasi-

trapped modes that exists in the vicinity of a flap inserted in a duct. In both cases, flow-acoustic feedback 

phenomena are identified via the measurement of the sound power level carried by upstream and down-

stream acoustic modes in the duct using an acoustic 2N-port model. Comparisons with computed results 

using Lighthill's analogy are also shown and discussed.  
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1. Introduction 

To obtain a satisfactory indoor environment, the acoustical design of a ventilation systems (HVAC) 

is as important as its thermal design becoming even more significant since the development of the 

electrical and hybrid electric vehicles. The HVAC noise is in part caused by the turbulent low Mach 

number flow interactions with multiple in-duct discontinuities (flaps, filter, heat exchanger, bends…) 

located in a compact housing duct. To predict the Sound Power Level (SWL) spectra of these aero-

acoustic sources usually the Nelson-Morfey’s theory [1] which assumes a dipole source distribution 

resulting of the drag fluctuating forces arising from the turbulent flow in the vicinity of the element 

was used leading to typical broadband spectra. However, several experimental works have pointed 

out amplifications and whistling effects in a car HVAC [2,3] which are shown to be produced by 

fluid-acoustic interaction. Indeed, basically, there are three different mechanisms which generate up-

stream feedback of disturbance [4]: structural vibrations, fluid-resonant mechanism triggered when 

the frequency of vorticity shedding becomes close to that of an acoustic resonator and the fluid-dy-

namic mechanism caused by flow impingement on a downstream object. The aim of this paper is to 
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point out experimentally that the coupling between flow instability and an upstream feedback can be 

responsible for noise amplifications. Two scenarios representing the association of HVAC elements 

are investigated: a butterfly flap and and two diaphragms in tandem. 

2. The 2N-ports method procedure and hardware 

To characterize the aero-acoustic source, experiments are performed assuming that each tested element 

is located in a hard wall straight duct H=0.1m high and W=0.2m width with rectangular cross section. 

 

         
 

Figure 1: Duct flow facility hardware and the 2N-ports representation (acoustic duct mode indices m and n corre-

sponds to transversal coordinates and U is the mean velocity of the flow). 

The radiated acoustic waves propagating downstream and upstream of the test section are expressed 

as duct acoustic mode amplitudes 𝑃𝑠𝑜 and are related to the incoming pressures 𝑃𝑒𝑛 and to the acoustic 

pressure 𝑃𝑠  which corresponds to the possible existence of an acoustic source located in the test section. 

This is conveniently described as the 2N-ports formulation [5]: 

        𝑃𝑠𝑜  =  𝑺 𝑃𝑒𝑛  + 𝑃𝑠,                               (1)

   

where 𝑺 is the scattering matrix of the test section. The aim of the experiment is to measure the scattering 

matrix and the source vector  𝑃𝑠 up to 3500Hz where N=8 duct modes are cut-on. The duct flow facility 

and the experimental procedure (Fig. 1) are detailed in [5]. The two diaphragms in tandem and the flap 

are shown in Fig. 2. Measurements are conducted for mean flow velocities from 1.7 up to 7m/s, three 

distances L =0.06, 0.13 and 0.21m between the two diaphragms. The flap is a square edge t=0.004m thick 

plate and its length is h=H (0.1m) with therefore a ratio ℎ/𝑡 = 25. The opening angle α is varying from 

nearly closed case α=15° up to horizontal position α=90°.  The effective length along the duct axis of the 

test section occupied by the flap is given by 𝐿 = ℎ sin 𝛼. 

 

 

Figure 2: The two diaphragms in tandem and the flap in the test section. 
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3. Diaphragms in tandem 

The total SWL radiated by the aero-acoustic source for three values for L are compared with the SWL 

of a single diaphragm for a mean flow velocity U=6.95m/s (Fig. 3).  

 
Figure 3: SWL for a single diaphragm (black) and a tandem with L=0.06m (pink), 0.13m (blue) and L=0.21m 

(green). 

With the tandem the broadband noise is increased by more than 20dB with the presence of peaks at low 

frequencies. These tones are the result of a feedback effect produced by the vortices impingement on the 

second diaphragm causing acoustic waves propagating upstream and triggering a new set of vortices. 

They are known as the Rossiter’s frequencies [6] which depend upon U and L as given by: 

 

𝑓𝑛 =
𝑛−𝜀

𝐿(
1

𝑈𝑐
+

1

𝑐0
)
 ,                                             (2) 

where n is the number of vortices located between both diaphragms and ε is an empirical constant asso-

ciated to the delay between the flow impact on the downstream obstacle and the start of the acoustic wave 

propagating upstream at c0 is the speed of sound. The convection velocity 𝑈𝑐 of the vortices is estimated 

via numerical simulations (see Fig. 4 left). 

Comparisons with computed results using Lighthill's analogy are now discussed. The flow simulation is 

carried out on 160 CPUs with the finite volume commercial software Star-CCM+. Fig.4 (left) illustrates 

the instantaneous incompressible-flow pressure. The acoustic field generated by the turbulent flow is ob-

tained by solving the integral form of Lighthill’s equation [7] from data calculated with the incompressi-

ble-flow LES and appropriate radiation conditions are imposed at both ends of the duct. Fig. 4 (right) 

shows the calculated as well as the measured total sound power radiated downstream the obstacle for a 

tandem diaphragm with L= 0.13m. Numerical results match fairly well with the experimental data except 

around the Rossiter’s frequencies. This indicates that these effects are not from pure acoustic resonance 

as this would have been identified by our numerical prediction and such feedback mechanisms cannot be 

captured with acoustic analogies based on incompressible-flow solvers. 
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Figure 4: Left: Computational domain and instantaneous incompressible-flow pressure calculated with LES Star-

CCM+. Right: SWL for a tandem diaphragm with L= 0.13m, straight line: experiments, dashed: computed.  

 

4. Butterfly flap 

The total upstream and downstream SWL radiated by the flap for three mean flow velocities are plotted 

in Fig. 5 pointing out that around 2500Hz the SWL is higher than the SWL for higher flow velocities 

which is not expected by the Nelson’s theory. 

 
Figure 5: SWL radiated downstream (-) and upstream (···) of the flap for α = 30°. 

The analysis of this result is based on an experiment conducted in the 60’s by Parker [8] who showed 

that high SPL at discrete frequencies can be the result of a coincidence between the frequency of the 

vortex shedding produced by the interaction of the flow with an horizontal flat plate located on the center 

line of a duct and the resonance frequencies of the acoustic modes of the cavity around the plate, well 

known today as Parker’s modes. In the 70’s, for a square leading edge plate, the sound was shown to feed 

back on the vortex shedding process causing a step change in the shedding frequency increasing the Strou-

hal number for the plate by twice the normal value [9]. 

4.1 Determination of the resonance frequencies of the inclined plate without flow 

The acoustic resonance frequencies of the Parker’s modes were shown to be real and analytically cal-

culated in the 80’s [10] as a function of the ratio 𝐿/𝐻 between the lengths of the plate located on the 

centreline of the H high duct. In our experiment, dimensions are such that 𝐿/𝐻 = 1 and the Parker’s 

mode usually called β(0,0) with no vertical nodal line can exist. When the plate is off centre in the duct or 

is inclined, the resonance frequencies [11] becomes complex. A study has also shown that the loss of 

symmetry of the plate leads to high and sharp Transmission Loss (TL) at these frequencies [12] while it 

is low and broadband for perfectly symmetric case only depending upon the plate thickness. The reso-

nances frequencies can be detected by measuring the transmission coefficients spectra for several opening 

flap angles α. In Fig. 5, the measured transmission coefficients for the plane wave mode is compared with 

a FEM calculation. At 200Hz the experimental transmission coefficient is lower than the numerical one 
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whatever α because of duct wall vibrations [5]. Results show frequencies below 1717Hz (which corre-

sponds to the cut-off frequency of the second and third transverse duct modes) where the transmission 

coefficients are sharply decreasing (high TL) depending upon α, except at α = 90° (horizontal position) 

as expected [12]. 

 

 
Figure 6: Transmission coefficient from upstream to downstream for plane wave mode without flow.  

Measured (-) and calculated by FEM (···). 

A theoretical calculation of the real part of the fundamental resonance frequency (Fig. 8  in [11]) was 

conducted for an elliptic shape butterfly valve pointing out that the resonance frequencies become com-

plex with a very small imaginary part and decrease when α varies from 0° up to 90° where it becomes 

real. From a practical point of view, these frequencies can be estimated via Parker’s theoretical resonance 

frequencies which normally hold only for flat plates. It suffices to consider the effective length along the 

duct axis of the test section occupied by the flap, i.e. 𝐿′ = 𝐻sin (𝛼). In Table 1, these theoretical resonance 

frequencies are compared with the experimental ones identified in Fig. 5 (corresponding to sharp dips) 

showing a very good agreement. 

Table 1: Comparison between experimental and theoretical resonance frequencies obtained from [10]. 

 

α (°) fth (Hz) fexp (Hz) 

15 1632 1650 

30 1530 1520 

45 1360 1350 

60 1190 1210 

75 1154 1150 

A FEM calculation of the acoustic pressure around the flap at α = 75° for an incident plane wave at 

1154Hz, closed to the resonance frequency plotted in Fig. 7 shows a pressure distributions in opposite 

phase on each side of the plate and nodal lines starting from the edges. These pictures shows spatial pat-

terns which are very similar to the β(0,0) Parker’s mode. 

 

 
Figure 7: The real part (left) and the modulus (right) of the pressure around the flap (α=75°) corresponding to an 

incident plane wave at 1154Hz. 
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Note that the transmission coefficients falls sharply at 3060Hz for the particular case where α=45° and 

though Parker’s theory does not apply here, this illustrates the existence of another acoustic mode around 

this frequency.  

4.2 Analysis of the SWL of the butterfly flap with flow 

The SWL of the butterfly flap aero-acoustic source was measured versus flow for several angles α. 

Results of Fig. 8 for α = 45° shows two maxima around 1500Hz and 3000Hz which emerges from the 

broadband noise by 20dB. These frequencies seem to coincide with frequencies of Fig. 5. 
 

 

Figure 8: SWL spectra radiated downstream the academic flap for α = 45° and for different flow velocities. 

For analysis purpose, a study of the variation of these maxima versus the mean flow velocity was 

conducted. Physical effect, responsible for the result shown in Fig. 8, has been discussed in previous 

papers [13] only for horizontal plate. In absence of duct walls, the flow impingement on a horizontal long 

plate (𝐿/𝑡 = 25) with square edges allows strong shear layer separation from both the leading and trailing 

edges and interaction between resultant vortex structures [13]. When the plate is placed centrally in a duct 

with the long axis parallel to the flow (as shown in Fig. 9), the acoustic mode β(0,0) can be excited if the 

leading and trailing edge vortex shedding frequency bands overlap the resonance frequency of the duct. 

From [13], “If the flow system is receptive to this frequency the flow will become locked and thus complete 

a feedback loop sustaining the resonance”. 

 
Figure 9: Flow around a square edges plate centred in a duct from [13]. 

Unlike the flat plate scenario, no research work can be found on inclined flaps with different opening 

angles. Following the analysis achieved in [9], the level variation of the maximum SWL radiated by the 

butterfly flap (for the case α = 45°) versus the upstream mean flow velocity U is given in Fig. 10 (each 

curve corresponds to the two maxima of Fig. 8). It is found that the maximum occurs (see Table 2) re-

spectively at 1500Hz and 3040Hz which is very close to the acoustic resonant frequencies described ear-

lier. 
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Figure 10: Maximum of SWL radiated downstream the academic flap for the first peak (left) and for the second 

peak (right) (the opening angle is α = 45°). 

5. Concluding remarks 

Two kinds of feedback effects caused by the interaction of a low Mach number flow with the presence 

of obstacle(s) inserted in a duct have been experimentally observed. For the case of an inclined flap, it is 

shown that this feedback mechanism is produced by the coincidence between the plate vortex shedding 

frequency with a resonant acoustic mode associated with the cavity around the flap.  When two dia-

phragms in tandem are inserted in the duct the feedback is caused by the flow impingement on the second 

diaphragm placed downstream. This work shows that during the design process of a HVAC system these 

type of feedback phenomena have to be taken into account to avoid very high level noise amplification. 

The numerical simulation of such fluid-acoustic resonant effects is also not trivial as the use of classical 

aeroacoustic analogies based on incompressible-flow solver is not sufficient to simulate correctly these 

amplifications. 
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