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ABSTRACT
The fluid flow within a human larynx plays an essential role in the fluid-structure-acoustic interaction during voice
production. This study addresses the supraglottal flow field that is downstream of aerodynamically driven,
synthetic vocal folds. Two different methods based on Particle Image Velocimetry (PIV) are applied: Phase-averaged
(PA) and High-speed (HS) PIV. A comparative analysis of the measurement results is given to provide a more
comprehensive understanding for future PIV measurements. Additionally, the acoustic source terms were calculated
based on the HS-PIV data and its simulated far-field spectral behavior is compared to experimental acoustic
measurements.
The larynx replica, which is based on human-scale self-oscillating vocal folds, is designed to deliver a basic physical
understanding of the human phonation process. The supraglottal flow field was characterized by an asymmetric jet
flow for PA- and HS-PIV measurements. However, the maximum velocities as well as velocity fluctuations were
averaged out in the phase-averaging procedure.
In a first assessment of the acoustic sources in the supraglottal region, the Phase-averaged and High-speed
measurements yielded distinctly different results. While a strong acoustic source was detected near the glottis
between the vocal folds in both measurement cases, the intensity of this source decreased for the phase-averaged
flow field. Additionally, the acoustic sources in the jet region could only be captured by the High-speed PIV
measurements.
The simulation of the radiated sound with the HS-PIV acoustic sources used as in input revealed partially quite
proper match between the measured and the simulated spectra. However, several spectral characteristics could not
be reproduced in the simulation, hinting to a non-aeroacoustic sound generation of these.

1. Introduction
The oscillation frequency of human vocal folds is about one order of magnitude higher than the
flow field acquisition rate of standard PIV systems. However, there are two established
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workaround methods to still resolve the supraglottal flow field within a whole oscillation cycle.
In the first approach, phase-locked PIV using a standard PIV system with a phase-locking
extension leads to a phase-averaged flow field of an oscillation cycle of the vocal folds
(Lodermeyer et al., 2015). This pseudo time-resolved technique cannot capture the full dynamics
of the fluid flow, as it averages the flow field based on the first harmonic oscillation frequency.
Nevertheless, it is thought to give a basic understanding of the oscillation process during
phonation. The second measurement technique capable of avoiding the frequency limitation is to
apply state-of-the-art High-speed PIV. That way, the fluid flow in several subsequent oscillation
cycles can be captured and quantified with adequate temporal resolution.
The phase-locking approach has already been applied in several studies using driven or selfoscillating artificial vocal folds. The driven vocal folds have been phase-locked onto the forced
vocal fold oscillation (Erath and Plesniak, 2006). In other studies, the self-oscillating vocal fold
models have been locked a posteriori to the acoustic signal (Neubauer et al., 2007), a priori to the
subglottal pressure signal [Lodermeyer et al., 2015; Drechsel and Thomson, 2008; Becker et al.,
2009) and vocal fold structural motion (Sidlof et al., 2011). A first study applying not a phaselocked, but time-resolving high-speed PIV was performed by Triep et al., 2005. They used a
scaled-up driven model with water as fluid to be measured, hence lacking of a fully coupled
fluid-sctructure-acoustic interaction.
All studies mentioned above found an asymmetric supraglottal flow field. In general, the jet
which arises from the glottal gap between the vocal folds was found to lie not symmetrically in
the supraglottal flow region, but skewed in a medio-lateral direction. This could be explained by
strong vortical structures downstream of the vocal folds (Lodermeyer at al., 2015; Kniesburges et
al., 2013).
With a first set of High-speed PIV data of a human-scale and self-oscillating vocal fold replica,
new findings on the fluid-structure-acoustic interaction during the phonation process can be
provided. A comparison of the High-speed PIV with Phase-averaged PIV data characterizes the
different PIV approaches in voice research. Finally, PIV-based simulation of acoustic radiation is
thought to deliver new insights in aeroacoustic sound generation during phonation.
2. Methodology
The flow channel of the human larynx replica consists of devices for producing and conditioning
the flow and the main test channel. An unsteady mass flow is generated by a flow controller
containing a super-critical valve (Durst et al., 2003). Acoustic and turbulent fluctuations in the
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generated flow are damped by a silencer which is internally faced with acoustic damping
material. Furthermore, the silencer also contains a streamlined body positioned in the center to
prevent from acoustic standing waves.
The main test channel possesses rectangular dimensions in human life-size (15mm x 18mm). It is
composed of a subglottal channel illustrating the human trachea, a mounting device for fixing
the synthetic vocal folds and the supraglottal channel. The shape of the self-oscillating vocal fold
models is based on the M5 model introduced by Scherer et al. (Scherer et al., 2001) and was equal
to those used in earlier investigations (Kniesburges et al., 2013; Lodermeyer et al., 2015). They
consisted of the Smooth-on silicone rubber compound EcoFLEX 30 that has a static Young's
modulus of E = 4,4 kPa. Figure 1 depicts a lateral-vertical view of the synthetic larynx model
including the vocal folds and the supraglottal channel which is tilted by 90°.

Figure 1: Schematic of the supraglottal channel in which the laser sheet was guided through the
outlet. The region of interest which is recorded by the PCO.2000 camera is marked in yellow.

The supraglottal fluid flow was investigated by two different PIV systems. A standard twocomponent PIV system was extended with a phase-locking technique. By that, the flow velocity
in the supraglottal channel was measured in many different oscillation cycles of the vocal folds
at constant phase angles. Therefore, an ILA PIV-system was used which is assembled of a
double-pulse Quantel Twins BSL 200 laser, a PCO.2000 CCD camera and an ILA
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Synchronizer2009. The phase-locked acquisition of the raw images was done on the basis of the
transient subglottal pressure signal measured by a Kulite XCQ-093 pressure sensor 50mm
upstream of the glottal exit. An electronic trigger device generated a trigger pulse at a predefined
position within an oscillation cycle of the synthetic vocal folds. It was located at the zero-crossing
point of the filtered and offset-reduced subglottal pressure signal. This trigger was detected by
the synchronizer of the PIV system running in the increment mode which started the PIV
measuring cycle after a time delay in accordance to the frequency of the trigger signal and the
selected phase angle. Additionally, two Kulite XCS-093 pressure sensors acquired the pressure
8 mm downstream of the glottal exit at opposite locations in the lateral walls of the supraglottal
channel. All three pressure signals were sampled synchronously by a National Instruments NI
PXIe 6356 multifunctional card with a resolution of 16 bit. Moreover, the recording instances of
the two raw images for the PIV evaluation were also detected to get the temporal relation
between the pressure signals and the calculated flow velocity plots.
The High-speed PIV system with no phase-locking was based on an ILA PIV-system, as well. It
consists of a double-pulse Continuum Terra PIV laser, a Vision research Phantom v2511 CMOS
camera and an ILA Synchronizer. The system was set to a pulse repetition rate of 2 * 2000 Hz,
yielding 10419 time-resolved flow fields per measurement.
For both PIV systems, the two laser beams were transformed into two superimposed laser sheets
with a thickness of approximately 1mm. They were guided into the flow region via the outlet of
the supraglottal channel as displayed in Figure 1. The double pulse distance was set to 5 µs for
both laser systems. The flow was seeded with glycerin coated water droplets produced by a
medical humidifier and amounted below 10 µm in diameter. The PIV evaluation was done by the
PIVTEC PIVview software package using a multi-grid interrogation algorithm with 50 %
overlap.
In the phase-averaging study, the supraglottal flow was measured in 20 equidistant phase angles
19
between 0° and 342°, i.e. between 0 and
π of an oscillation cycle of the vocal folds. For each
10
phase angle, 930 single PIV measurements were carried out to calculate the average flow field at
each phase angle. As the supraglottal flow field is characterized by an asymmetric jet flow with a
changing direction of jet deflection (Kniesburges et al., 2013), the single velocity plots had to be
sorted in those with the jet deflected to the upper and those with the jet deflected to the lower
side of the supraglottal channel. The criterion for the sorting procedure was defined as the
difference between the mean pressure during an oscillation cycle at the lower lateral wall of the
supraglottal channel and the mean pressure at the upper lateral wall. A positive value of the
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criterion indicates an upward deflected glottal jet, a negative value a downward deflected jet.
For all single velocity plots of a phase angle, the criterion of the direction of jet deflection was
evaluated sorting them into two groups which represent the two directions of jet deflection.
Afterwards, the average flow field at each phase angle was calculated for both groups. More
details on this sorting procedure can be found in elsewhere (Lodermeyer et al., 2015).
The result of exemplary velocity plots is shown in the left column of Figure 2. The progression of
the single average velocity plots was adjusted to start and end with the closed glottis
configuration. As the high-speed PIV study already was time-resolved, no phase information or
locking was needed. However, the double pulse repetition rate was chosen in a way that the time
delay between subsequent PIV double images is comparable to the phase angles of the

Figure 2: Sequence of velocity vector plots at the selected phase angles 0°, 54°, 108°, 162° and 270°. Additionally, the flow
velocity magnitude is shown as a contour plot in m/s. The origin was set into the glottal gap of the vocal folds.
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Left column: Phase-averaged PIV. Right column: High-speed PIV.

phase-locked measurements. In Figure 2, the phase angles 0°, 54°, 108°, 162° and 270° of both the
PA measurements and the HS measurements are depicted. The origin of the coordinate system
was chosen to be at the middle of the closed glottis, i.e. at the exit of the vocal folds. At a phase
angle of α = 0°, no glottal jet can be observed as the vocal folds are closed. The next phase angle
α = 54° shows the glottal jet as it exits the glottis. A clear deflection upwards can be seen in both
measurements. As the jet further penetrates into the supraglottal region at α = 108° and α = 162°,
the maximum velocity which can be found in the core of the jet increases. Whereas the upper tip
vortex decays at α = 162°, the lower tip vortex grows and becomes a new large recirculation area
at α = 270° which potentially interacts with the arising jet of the next oscillation cycle of the vocal
folds.
Comparing the PA and HS measurements, a considerably smaller maximum velocity can be
identified for the PA measurements. This may be explained by the different velocity fluctuations
in the single measurements which are then averaged out in the phase-averaging procedure,
yielding a flow field with less turbulent fluctuations. The velocity fluctuations are existent in the
HS measurements during the whole oscillation cycle. By applying Lighthill's acoustic analogy
described by equation 1,
∂2
∂2
( ρu i u j ) ≈ ρ 0
(u i u j )
∂xi ∂x j
∂xi ∂x j

(1)

the acoustic source terms were calculated based on the velocities ui and u j as acquired with the
PIV measurements. Thereby, viscous stress and heat conduction have been neglected in
agreement with Lighthill's acoustic analogy for low Mach number flows (Lighthill, 1952).
Additionally, the flow field was assumed to be incompressible, resulting in a constant density of
air ρ 0 . Although the Lighthill definition of acoustic sources overestimates the radiation into the
far field (Zoerner et al., 2013), a first assessment of the radiated frequencies and harmonics can
be made (Sidlof and Hüppe, 2013). The calculated source terms based on the PA (left column)
and HS (right column) velocity measurements are shown in Figure 3 using the same phase
angles as in Figure 2. The calculation of the acoustic sources was carried out on the Cartesian
grid of the PIV measurements using compact derivation stencils.
In both measurement series, a strong source can be found very close to the glottal exit. However,
the source term is more intense for the HS case. The phase-averaging procedure seems to
dampen the intensity of this source. A clear difference between the PA and HS measurements can
be spotted by comparing the acoustic sources in the more downstream region, where the velocity
fluctuations are predominant for the HS measurements. The PA nearly extinguishes the
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Figure 3: Sequence of acoustic source term plots at the same five selected phase angles as in Figure 2. The source term is
depicted as a contour plot while the vectors display the velocity magnitude.
Left column: Phase-averaged PIV. Right column: High-speed PIV.

sources in the further progression of the glottal jet, but they are distinctly verified for the HS
measurement. Since the phase-averaging procedure only considers the basic oscillation
frequency that the measurement is phase-locked to, the higher frequencies can be regarded to be
averaged out. As a result, the only remaining source in the PA plots at the glottal exit can be
assigned to the first harmonic of the sound generation. Comparing the Lighthill sources of the
measurements with numerical simulations (Kaltenbacher et al., 2014), good accordance can be
recognized for the dominant acoustic source near the glottis region. Additionally, the HS
measurements reveal comparable source terms along the glottal jet, as well.
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Using the time-resolved HS-PIV measurements, a frequency domain analysis with respect to the
x-position was calculated along the centerline of the supraglottal channel, i.e. for y = 0 . The
results were FFT plots for the velocity magnitude (Figure 4) and for the Lighthill source term
(Figure 5).
In Figure 4, the first and second harmonic of the velocity magnitude, as prescribed by the vocal
fold oscillation at 150 Hz, are detectable all along the x-axis of the measured region. The third
harmonic is recognizable from the glottal exit down to the x-position 30 mm downstream.
Contrary to that, the acoustic source term plotted in Figure 5 shows that the tonal components
are only existent in the region very near the glottis, i.e. up to 5 mm downstream. This means that
the aeroacoustic generation of the tonal components is confined to the region very near the
glottis, although the velocity field has matching tonal components throughout the supraglottal
channel.
The Lighthill source term is known to overestimate the generated aeroacoustic sound in the
source region, where a superposition of hydrodynamic and acoustic pressure components is
observed. Hence, the radiation into the far-field is simulated using the finite element acoustic
solver CFS++ (Kaltenbacher, 2007).

Figure 4: Frequency domain of the velocity magnitude along the centerline of the supraglottal channel with respect to the xposition.
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Figure 5: Frequency domain of the Lighthill source term along the centerline of the supraglottal channel with respect to the
x-position.

Afterwards, the acoustic sources were up-sampled in temporal domain by a factor of four to
achieve a new sampling frequency of 8000 Hz using an adapted up-sampling filter. This way, a
damping in the frequency range of interest up to 1000 Hz, which appears due to the temporal
Newmark scheme applied in the acoustic propagation simulation, is prevented. The sources
were conservatively interpolated onto a quad dominant 2D mesh, which is used for the
simulation. This mesh captured the domain of the vocal folds, the supraglottal channel and the
far field region. Perfectly matched layer (Kaltenbacher and Kaltenbacher, 2013) cells were added
at the inlet of the channel and in the far field to suppress unphysical acoustic reflections. For
comparison with the experimental results, a correction factor was applied to the simulation
results. This factor considers the 1 / r propagation law for the acoustic pressure in two
dimensions and the components missing from the Lighthill stresses due to the usage of 2D
measurements. Figure 6 shows a spectral comparison of the experimental acoustic measurements
and simulation results. Both were acquired at a distance of 0.9 m away from the outlet of the
supraglottal channel perpendicular to its flow direction.
The first and second harmonics of the vocal fold oscillation, i.e. the peaks at 150 Hz and 300 Hz,
are properly reproduced in the spectrum. However, the harmonics amplitude as well as the
broadband amplitude of the simulated spectrum are consistently below the measured spectrum.
This can be explained by the missing structural mechanic sound generation in the simulated
sound radiation, as only the aeroacoustic quadrupole sources are used as a simulation input. The
more pronounced sub-70 Hz frequency content in the measured spectrum can be attributed to
the inferior low frequency absorption characteristics of the anechoic chamber that was used for

18th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 4 – 7, 2016

the experimental acoustic measurements. The decay of the broadband intensity starting above
650 Hz is well reproduced in the simulations. Additionally, the so-called subharmonic peaks
(Kniesburges et al., 2013) that can be found between the harmonic peaks are not reproduced in
the simulated spectrum. A possible explanation is that the subharmonic generation mechanism is
not directly linked to the fluid mechanics in the supraglottal region. However, further research is
needed to identify the cause thereof.

Figure 6: Spectral comparison of experimental acoustic measurements and the simulation of the acoustic radiation based
on the PIV measurements.

4. Summary and Conclusion
Phase-averaged and High-speed PIV were applied in a synthetic human larynx model. The
resulting flow field revealed an asymmetric jet flow in both cases. However, the maximum
velocities as well as velocity fluctuations were averaged out in the phase-averaging procedure.
In a first assessment of the acoustic sources in the supraglottal region, the Phase-averaged and
High-speed measurements yielded distinctly different results. While a strong acoustic source
was detected near the glottis between the vocal folds in both measurement cases, the intensity of
this source decreased for the phase-averaged flow field. Additionally, the acoustic sources in the
jet region could only be captured by the High-speed PIV measurements. The simulation of the
radiated sound with the HS-PIV acoustic sources used as in input revealed a proper match
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between the measured and the simulated spectra. However, the structural mechanic sound
generation was excluded therefrom, yielding the isolated aeroacoustic sound generation.
As a conclusion, Phase-averaged flow fields of the supraglottal region can deliver substantial
information of the fluid mechanics. However, High-speed PIV analysis is unavoidable when
trying to investigate aeroacoustic sound generation. It was quantified that aeroacoustics play a
dominant part during phonation, generating parts of both tonal and broadband sound in the
human voice. With this study, we introduced a tool based on High-speed PIV measurements that
– in future investigations – can be useful for the understanding of basic physical mechanisms
underlying voice generation as well as the mechanisms causing vocal diseases.
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