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Martin L. Pollack 
Lockheed Martin Corporation 

Schenectady, New York 

ABSTRACT 
This paper investigates the coupling mechanism between flow noise 

sources and acoustic resonators. Analytical solutions are developed for 
the classical cases of monopole and dipole types of flow noise sources. 
The effectiveness of the coupling between the acoustic resonator and 
the noise source is shown to be dependent on the type of noise source 
as well as its location on the acoustic pressure mode shape. For a 
monopole source, the maximum coupling occurs when the noise source 
is most intense near an acoustic pressure antinode (i.e., location of 
maximum acoustic pressure). A numerical study with the impedance 
method demonstrates this effect. A dipole source couples most 
effectively when located near an acoustic pressure node. 

INTRODUCTION 
Periodic noise sources within a turbulent flow (e.g., vortex shedding) 

introduce the potential for generating a flow tone, or lockin flow 
induced vibration, through coupling with structural andor fluid 
resonators. When the coupling is such that the feedback from the 
resonator to the source is one of reinforcement, a flow tone results. This 
interaction potential exists when the Strouhal frequency of the flow 
noise source is equal to, or close to, a natural frequency of the resonant 
system. 

Several previous studies have investigated the coupling and feedback 
process between noise sources and resonators. The lockin flow induced 
vibrations of cylinders subject to crossflow induced vortex shedding is 
discussed in Blevins (1977) The resonant feedback effect, which can 
lead to flow tones due to shear layer oscillations in flow grazing past 
cavities, is discussed in Rockwell and Naudascher (1978) and 
Burroughs and Stinebring (1994). The experiments discussed in 
Rockwell and Schachenmann (1982) highlight the interaction of an 
upstream acoustic resonator, withii a pipe section, with a downstream 
flow noise source. The source is generated by flow grazing across a 
cavity and impinging on an orifice. The interaction of the noise source 

with the resonant fluid section enables a feedback which reinforces the 
source and leads to a series of flow tones. The investigations of 
Rockwell and Staubli (1987) and Archibald (1975) utilize controlled 
excitations of the resonant systems to better understand the source- 
resonator coupling and feedback potential. 

The objective of the current study was to investigate the coupling of 
flow noise sources with acoustic resonators using forced vibration 
simulations. The study does not investigate the feedback process from 
the resonator to source, which could either promote or hinder the lockin 
process. The first section of the discussion focuses on analytical 
solutions for monopole and dipole types of sources. The second section 
discusses a numerical study, utilizing the impedance method, of an 
acoustic resonator excited by a monopole type of flow noise source. 

DISCUSSION 
The potential for flow noise sources to excite fluid resonators is 

investigated analytically and numerically. Forced vibration of the 
system is analyzed with the flow noise source acting as a forcing 
function. Both monopole and dipole noise sources are considered. 

ANALYTICAL STUDIES 

Fluid Resonator Excited bv a Monopole Source 
'hrbulent flow through an internal system excites the acoustic 

resonant modes of the system (i.e., fluid resonances). Consider that the 
flowfield noise source is a monopole. This source function is termed a 
simple source and has been used to simulate mass addition to or 
removal from a system, as well as bubble pulsations. A monopole can 
also simulate the plane wave source to a onedimensional fluid 
resonator, such as a duct or pipe, from a vibrating piston or wall. The 
wave equation with a monopole source is given by 



where p is the acoustic pressure, r is the linear damping coefficient, c is 
the speed of sound, t is time, p is the fluid mass density, and Q is the 
monopole source strength in units of volume rate per unit volume. The 
acoustic pressure field is expanded in terms of the natural modes of the 
acoustic system as 

Figure 1. Effectiveness of Monopole Sources for Fluid 
Fundamental Mode Excitation 
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where yr,(x,y,z) is the three-dimensional spatial mode shape of the 
acoustic pressure function and P, is the time dependent generalized 
pressure. Substitution of equation 2 into equation 1 and utilization of 
the normal mode expansion, and integration over the volume V, yields 
the governing equation 

v 

where c,, is the fraction of critical damping and q, is the radian natural 
frequency of mode n. The generalized pressure consists of a magnitude, 
Pno, and a phase relative to the forcing function. Assuming periodic 
time dependence at frequency w, the solution to equation 3 can be 
expressed as 

The integral in the numerator of the right hand side (RHS) of equation 
4 describes the effectiveness of the monopole volumetric flow source, 
Q, in exciting the system. The effectiveness is weighted by the acoustic 
pressure mode shape v,. Therefore, a volumetric flow source is most 
effective in activating an acoustic mode when concentrated near the 
acoustic pressure wave antinode (i.e.. acoustic velocity node) and least 
effective near the pressure node, see Fig. 1. Results from a numerical 
study, using the impedance method described in the next section, are 
consistent with this concept. 

For the limiting case of a concentrated, or point, volume flow source 
located at position (xo,yo.zo), equation 4 becomes 

(5 )  

Fluid Resonator Excited bv Dipole Source 

The response of a fluid resonator excited by a dipole source, such as 
flowfield vortex shedding, can be evaluated using the wave equation 
with a dipole forcing function. Blevins (1977) describes this type of 
situation for crossflow over a cylinder exciting an acoustic resonance of 
a heat exchanger chamber. Figure 2 illustrates flow over a blunt body 
such as a cylinder exciting a onedimensional fluid resonator. 
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Figure 2. Fluid Resonator Excited by Vortex Shedding 

The governing equation is 
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where H is the dipole force per unit volume on the fluid, arising from 
the vortex shedding. Using the normal mode expansion in terms of the 
acoustic pressure modes, as before, the governing equation becomes 
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If the divergence theorem is applied to the upper integral on the RHS 
of equation 7, then 

where < is the outward unit vector normal to the resonator walls and S 
is the surface around the resonator. Now assume that the cross section 
of the blunt body which is causing the vortex shedding is small 
compared to the resonator dimensions and the wavelength of sound. 
Then the blunt body can be considered a line source of sound or vortex 
shedding. The blunt body causing the vortex shedding is replaced by a 
fluid volume, such that the fluid in this volume is acted on by a force F, 
as shown on Fig. 3. 

Ineffectiv Source 

P 

Half-Wave Tube 

ffective Source 

c--- 

aye-- I 
I 

Quarter-Wave Tube 

- - - - acoustic pressure mode shape 
Effective Source 
f 

from z=O to z=L, with the blunt body axis on the line (xo,yo,z). 
Assuming periodic time dependence at frequency q the solution to 
equation 9 can be expressed as 

The effectiveness of the dipole-type force from the vortex shedding 
process in exciting the system and generating acoustic pressure in 
mode n is described by the numerator of the right hand side of equation 
10. It is dependent on the gradient of the pressure mode shape, in 
contrast with the pressure mode shape itself. The gradient of the 
pressure mode shape is proportional to the mode shape for the 
oscillating particle velocity in the fluid resonator. Thus, when the 
dipole forcing function is concentrated near a node of the acoustic 
pressure wave, or an antinode of the velocity wave, the activation of the 
acoustic resonator is strongest. Conversely, when the forcing function 
is concentrated near a pressure antinode, or a velocity node, the 
activation is the weakest. 

The heat exchanger cavity example of Blevins (1977) provides a good 
demonstration of this point. In that example, the transverse acoustic 
mode considered has a pressure node, and a velocity antinode, at the 
vortex shedding source location. Cumpsty and Whitehead (1971) cites 
a similar situation for the excitation of acoustic resonances by vortex 
shedding from the trailing edge of a flat plate. Figure 3 illustrates 
situations where a dipole source would be expected to be at locations of 
maximum and minimum effectiveness in exciting the fundamental 
longitudinal acoustic modes of a fluid resonator. It is shown on Fig. 3 
that for the case of a quarter-wave resonator, the open end (i.e., zero 
pressure) is an effective excitation location. This is consistent with 
experimental observations that the dipole source, generated by the 
oscillating shear layer of a flow grazing past the open end of a deep 
cavity, excites quarter-wave modes of the cavity. The dipole type 
forcing function is developed when the shear layer impinges on the 
downstream edge of the cavity. 

Figure 3. Effectiveness of Dipole Sources for Fluid 
Resonator Fundamental Mode Excitation 

Then the integral over the surface, S, on the RHS of equation 8 is zero 
since F=O on S. If the cross section of the fluid volume replacing the 
blunt body is small, then the gradient of yr may be considered constant 
within this volume. Then equation 7 becomes 

(9) 
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where f is the vector force per unit length applied to the fluid by the 
vortex shedding process from the blunt body, along the blunt body span 

NUMERICAL STUDY 

Fluid Resonator Excited bv Volume Flow Source 
A computer model utilizing the impedance method was used to 

analyze the response of a one dimensional fluid resonator to a 
monopole acoustic source. The model of the resonant system, as shown 
on figure 4, consists of a 3 inch diameter 10 foot long circular water 
column terminated at both ends by large plena. The water column is 
modeled with four acoustic segments of 30 inch length each. The plena 
are each 10 inches in diameter and 25 inches high, and are explicitly 
modeled. The boundaries of the fluid regions are modeled with thick- 
walled structural members and are essentially rigid to the fluid. The 
fluid is water at a temperature of - 70F. 

A volume flow forcing function of 1 cubic inch per second was 
introduced to simulate a monopole source. The source was located at 



two positions: at the center of the water column, and at the interface of 
the water column with one of the plena. Frequency sweeps were run 
from 10 to 500 Hz. 
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Figure 4. Schematic Diagram of Impedance Model 

Figure 5 illustrates the results for the case of excitation at the interface 
of the water column with a plenum. 
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Figure 5. Flow Source at Resonator End 
(Acoustic Pressure - Magnitude [psi]) 

The specba of the acoustic pressure. magnitudes are shown at various 
locations through the fluid column. The coordinate locations are as 
shown in Fig. 4. The pressure peak at - 250 Hz corresponds to the half- 
wave type resonance developed within the fluid column and penetrating 
the plena. Note that the peak acoustic pressure is at the center of the 
fluid column, with relatively weak levels at the plena interface. This is 
consistent with the mode shape distribution expected for a half-wave 
resonance, and the frequency is very close to the 250 Hz analytically 
predicted. Also note the peak at - 72 Hz. This corresponds to a 
Helmholtz-type resonance with the plena acting essentially as springs 
and the fluid column acting as a mass. A Helmholtz resonance is 
analytically predicted at 72 Hz. As expected, the maximum acoustic 
pressures for the Helmholtz mode appear in the plena. Finally, a 
resonance corresponding to a full-wave shape is predicted at - 500 Hz 
as expected. 

Figure 6 illustrates the corresponding acoustic pressure spectra for 
excitation at the center of the fluid column. 
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Figure 6. Flow Source at Resonator Center 
(Acoustic Pressure - Magnitude [psi]) 

Similar to the previous case, a half-wave type resonance is predicted at - 250 Hz. Note however the significantly higher pressure amplitudes 



predicted for this mode. This is due to the more effective coupling of 
the source to the resonator when the excitation is located at the 
antinode of the acoustic pressure wave, and is consistent with the 
previous discussion. At - 500 Hz the center of the fluid column 
corresponds to a node of the acoustic pressure mode shape, therefore 
this mode is not excited by the source placed at the center of the fluid 
column. Note that the Helmholtz resonance also is not excited due to 
the symmetric location of the source. 

CONCLUSIONS 
Forced vibration simulations are used to analyze the coupling of 

various flow noise sources to fluid resonators. The coupling is 
evaluated analytically and numerically. The effectiveness of the 
coupling is dependent on the type of noise source (e.g., monopole, 
dipole) and its location on the mode shape. The detailed characteristics 
of the resonator (e.g., pipe) will affect the resonant frequencies and 
mode shapes. This coupling effectiveness is a key parameter in the 
process which leads to flow tone generation through interaction of 
noise sources with resonators. 

The feedback process from the resonator to the source is not 
considered in this study. Feedback could either promote or hinder the 
lockin process. However, it would not alter the effectiveness of the 
source, as a forcing function, in exciting the resonator. The source- 
resonator coupling studied in the paper is one of the parameters 
defining the potential of a system to exhibit flow tone lockin. 
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