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Broadband sound generation by confined stationary jets through circular and glottis-shaped orifices

Zhaoyan Zhang, Luc Mongeau, and Steven Frankel

School of Mechanical Engineering, Purdue University, West Lafayette, IN

Experiments were performed in order to measure the sound produced by flow through orifices of different shapes in a uniform rectangular rigid tube (Figure 1).  The motivation for these measurements was to develop accurate scaling laws for broadband sound production at the glottis, for the flow regimes typically encountered in voice production.  Different gas mixtures were used, allowing the Reynolds number (based on the centerline flow velocity and the orifice hydraulic diamter) to be varied between 2,000< Re < 20,000, the Strouhal number (defined based on the tube dimension and centerline flow velocity) to be varied between 0.1 and 15, while maintaining a very low Mach number.   The tube diameter and the orifice size were selected to be comparable to the actual dimensions of the human glottis.  Both circular and glottis-shaped orifices were used.  For the case of circular orifices, different orifice diameters and downstream tube terminations were used.  Three glottis-shaped orifice geometries were used (divergent, straight, and convergent), each idealizing a typical stage during the voice cycle.

The non-dimensional radiated sound pressure spectra (measured in the duct, upstream and downstream the orifice) were formulated as a product of three functions: a source function F, a radiation efficiency function M, and an acoustic response function G.  The source function is a function of the Strouhal number and Reynolds number, and represents the sound source spectral characteristics.  The acoustic frequency response function describes the effects of the sound field in the tube.  It was found to be in good agreement with the transfer function between the radiated acoustic pressure at one fixed location and the strength of an equivalent velocity source located at the orifice.  The radiation efficiency function represents the flow-acoustic interactions in the hydrodynamic near field.  The radiation efficiency function is in the form (kd)n, in which k is the wavenumber and d the tube dimension.  The exponent n is determined by the type of sound source (2 for dipole source, 4 for quadrupole source).  Both the G function and M function are functions of only the Helmholtz number.  They are combined into one function, G1 , in the analysis.  A spectral decomposition method was applied to separate these three functions from experimental data, thus allowing the identification of the sound source type and its spectral characteristics.  The results show that the quadrupole source contribution dominated the sound radiation from jets through circular and straight glottis-shaped orifices.  The effects of the Reynolds number were found to be negligible (Figure 2, 3).  Both the quadrupole and dipole contributions were found to be significant for the case of the convergent glottis-shaped orifice.  For the divergent glottis-shaped orifice at very low flow rate, significant tonal components were observed in both free and confined jet configurations.  This phenomenon was attributed to a fluid-acoustic feedback loop present at very low flow rate, although the specific mechanism remains unknown.  At high flow rate for free jets through the same divergent geometry, the dipole contribution dominated at low frequencies while the quadrupole contribution dominated at high frequencies.  For confined jets through the divergent geometry, the sound radiation showed a different behavior from that for free jets, which indicates the existence of fluid-acoustic interactions due to the presence of confinement.  The sound radiation characteristics are controlled by the interactions rather than being like a simple multipole source radiation. 
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Figure 1: Schematic of the experimental apparatus.
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Figure 2: The source distribution function F as a function of Reynolds number for constant Strouhal numbers. [image: image3.wmf] : St=1; [image: image4.wmf]: St=3; [image: image5.wmf]: St=6; [image: image6.wmf]: St=9; [image: image7.wmf]: St=12.  Solid symbols: d=0.381 cm, with anechoic termination; open symbols: d=0.381 cm, finite-length tube; half open symbols: d=0.635 cm, with anechoic termination.   This figure indicates that the Reynolds number has negligible effect on the source strength.
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Figure 3: The source distribution function F as a function of Strouhal number for constant Reynolds numbers.  [image: image9.wmf] : Re=0.4(104; [image: image10.wmf]: Re=0.8(104; [image: image11.wmf] : Re=1.2(104; [image: image12.wmf]: Re=1.6(104.  Solid symbols: d=0.381 cm, with anechoic termination; open symbols: d=0.381 cm, finite-length tube; half open symbols: d=0.635 cm, with anechoic termination. ——‒: two-segment curve.

Verification of the quasi-steady assumption for sound generation

by confined pulsating jets
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Speech production involves sound generation by turbulent confined jets through an orifice (the glottis) with a time-varying area.  The radiated sound consists of a periodic component, which is due to the main unsteady flow pulsation associated with the orifice oscillation, and a random broadband component which is due to turbulence.  Predictive voice production models are usually based on the quasi-steady assumption.  Flows through time-varying orifices are modeled as a sequence of steady flows through stationary orifices for wall geometries and flow boundary conditions that match instantaneous values over one cycle of a dynamic, non-stationary analysis.  This assumption allows the complex unsteady flows to be treated as sequences of steady flows, which are more effectively modeled computationally.  The quasi-steady assumption, however, has not yet been rigorously validated for the full range of flows encountered in voice production.  To investigate the range of validity of the quasi-steady assumption, a dynamic mechanical model of the larynx was designed and built.  The model dimensions approximated those of human vocal folds.  Flow conditions typical of speech production were created.  The acoustic pressures of waves radiated upstream and downstream of the orifice were measured together with the orifice area and other time-averaged flow variables.  The periodic component of radiated acoustic pressures was then calculated using a model based on the quasi-steady assumption, and the results were compared to the experimental data.  A good agreement between the experimental data and the predictions was obtained for different operating frequencies, flow rates, and orifice shapes (Figure 1).  This strongly supported the validity of the quasi-steady assumption for the periodic sound component in pulsating confined jets within the range of Reynolds and Strouhal numbers encountered in voice production.

Attempts were made to verify the same assumption for the broadband component of the radiated pressure signals.  Ensemble-averaged probability distribution functions (Figure 2-3) and wavelet analysis (Figure 4) were used to compare the characteristics of broadband sound from unsteady and steady jets for nominally identical orifice geometry and gross flow regimes.  Deviations from quasi-steady behavior were observed for the broadband sound component during certain phases of the oscillation cycle of the orifice.  This indicated that the quasi-steady assumption may be valid only during a fraction of the cycle for broadband sound production. 
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Figure 1: Comparison between the measured upstream sound pressure and that predicted from the monopole source model and quasi-steady assumption. f=80 Hz, (p0=12 cm H2O, and convergent orifice geometry. ——‒: measured; ‒‒–: predicted.
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Figure 2:  Comparison between the probability density functions of non-stationary and stationary jets.  Poor agreements were obtained at instants corresponding to the beginning and ending of each oscillation cycle.  The turbulence energy is expected to be very low at these instances.
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Figure 3:  Comparison between the probability density functions of non-stationary and stationary jets.  Good agreement was obtained in the top figure.  Partial agreement was obtained in the bottom figure.  At these instants, the turbulence field is established and the turbulence energy reaches the maximum.

[image: image16.wmf]0

0.5

1

0

0.2

0.4

0

0.2

0.4

0

0.2

0.4

0

0.2

0.4

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.1

0.2

Cycle

7

th

Approx.

7

th

Detail

6

th

Detail

5

th

Detail

4

th

Detail

3

th

Detail

2

th

Detail

1

th

Detail

Area

16640

Hz

8320

Hz

4160

Hz

2080

Hz

1040

Hz

520

Hz

260

Hz

130

Hz

0

0.5

1

0

0.2

0.4

0

0.2

0.4

0

0.2

0.4

0

0.2

0.4

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.1

0.2

Cycle

7

th

Approx.

7

th

Detail

6

th

Detail

5

th

Detail

4

th

Detail

3

th

Detail

2

th

Detail

1

th

Detail

Area

16640

Hz

8320

Hz

4160

Hz

2080

Hz

1040

Hz

520

Hz

260

Hz

130

Hz


Figure 4:  Wavelet decomposition of the broadband sound generated by pulsating confined jets.  This figure clearly shows the non-quasi-steady behavior of the turbulence sound energy.  The maximum energy is reached at instants close to the maximum opening.

