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ABSTRACT

A detailed investigation of the interaction between fluid
flow and acoustics in the human voice is often hindered
due to limited access to the flow field in the larynx and tra-
chea. Especially the influence of vocal tract (VT) acous-
tics on the flow field and the vocal fold (VF) oscillation
is not yet fully understood. Therefore, we studied acous-
tic back-coupling using a synthetic larynx model. High-
speed particle image velocimetry measurements were per-
formed in the supraglottal region of our model. To study
the influence of VT acoustics on the supraglottal flow field
in a systematic way, we employed a variable-length VT to
change its acoustic resonant frequencies in relation to the
VF oscillation frequency f,. Dynamic mode decomposi-
tion was applied, which allowed us to quantify changes in
the coherent structures of the flow field with changing VT
acoustics. The acoustical properties of the VT were de-
termined in advance using a transmission line model. We
were not able to find acoustic feedback on the flow field
for all configurations. The strongest influence of vocal
tract acoustics was observed when f, was close to a VT
resonant frequency. In this case, a shift of f, towards the
resonant frequency took place.
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1. INTRODUCTION

The human voice is generated in a complex interplay of
fluid flow, structural vibration, and acoustics. In this pro-
cess, the vocal folds (VF) are stimulated to vibrate by a
flow of air V from the lungs. This oscillation in turn leads
to a modulation of the air flow, resulting in a pulsating jet
flow in the vocal tract (VT). The sound that constitutes
the voice thereby arises aeroacoustically from the turbu-
lent free jet, as well as vibroacoustically by sound radi-
ation from the vocal fold surface. This sound is filtered
through the vocal tract and radiated through the mouth, re-
sulting in the voice. For a long time, a linear behavior be-
tween sound source and filter was assumed, i.e., changes
in the source induced by changes in the filter were ne-
glected [1]. However, this simplified representation is not
always valid, epsecially when a resonant frequency fr of
the VT is close to the oscillation frequency of the vocal
folds f, [2]. This has been studied in the past using the-
oretical modeling (e.g. [3]), simulations (e.g. [4-6]), in
vivo studies (e.g. [7, 8]), and ex vivo and in vitro experi-
ments (e.g. [9-11]). However, due to the complexity of the
problem, often only simple metrics such as f,-variation
or the change in the oscillation threshold pressure have
been studied. Particle Image Velocimetry (PIV) is a mea-
surement technique that allows a detailed insight into the
dynamics of a fluid flow. As such, it has already been
proven to be a useful method to study the aerodynamics
involved in human phonation. Classical planar PIV mea-
surements allowed to study the basic features of the supra-
and intraglottal aerodynamics [12—14]. The emergence of
high-speed PIV made it possible to directly analyze aeroa-
coustic source terms computed from PIV measurements
and gain insight into the location of acoustic sources in-
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side the VT [15, 16]. Even tomographic PIV measure-
ments have been applied in voice research recently, al-
lowing to study volumetric quantities such as the maxi-
mum flow declination rate [17]. However, none of these
techniques have been used yet to investigate the effect
of supraglottal acoustics on the glottal aerodynamics yet.
Therefore, to gain a detailed insight into the interaction
between vocal tract acoustics and aerodynamics, particle
image velocimetry (PIV) was applied in this work to an-
alyze the supraglottal flow field for different vocal tract
lengths. Varying the length thereby changed the acoustic
properties of the vocal tract, allowing a systematic inves-
tigation of the relationship between flow and acoustics.

2. METHODOLOGY

Synthetic vocal folds were cast from a single layer of sil-
icone. Their shape was based on the M5 model [18, 19]
and is displayed in Fig. 1. The entire experimental setup
is shown schematically in Fig. 2. The flow through the
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Figure 1. The vocal fold model used with its dimen-
sions given in mm. The flow direction in the experi-
ment is indicated.

vocal folds

silencer

subglottal

vocal tract
channel

Figure 2. The experimental setup. The vocal fold
position is indicated between the vocal tract and the
subglottal channel. A silencer is placed upstream to
attenuate emerging sound in the inflow hose.

setup was from left to right as indicated in the figure. The
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flow containing light sheet optics

tracer particles

high-speed camera

Figure 3. The setup for the PIV measurements. Vi-
sualization of the flow was performed using tracer
particles and laser double pulses. The rectangu-
lar section of the vocal tract provided optical ac-
cess through a glass window, allowing the flow to be
recorded with a high-speed camera.

vocal folds were located between the VT and the subglot-
tal channel. The VT consisted of two sections: the first
section was a rectangular channel that had the same cross-
section as the vocal folds. Connected to it was a second
channel with a circular cross-section, consisting of two
telescopic tubes. This made it possible to continuously
vary the length of the vocal tract, allowing its acoustic
resonant frequencies to be adjusted. PIV measurements
were performed for different vocal tract lengths L in the
range L € [200,800]mm. This way, the influence of the
vocal tract resonant frequencies on the supraglottal flow
field was investigated. The PIV setup is shown in Fig. 3.
The measurement frequency was 2 x 5 kHz at a pulse dis-
tance of At = 4ps and a total measurement time of 1s
per investigated VT length.

The acoustic properties of the VT were determined
in advance using a transmission line model [20]. For this
purpose, the vocal tract was divided into sections of equal
cross-section, allowing the frequency-dependent VT input
impedance Z;, to be calculated via matrix chain multi-
plication. The maxima of Z;,, thereby corresponded to
the VT resonant frequencies. The transmission line model
was implemented following the description given by Story
et al. [21]. As the VT walls were fabricated from alu-
minium and glass, they were modeled as rigid walls. The
radiation impedance at the open end was approximated as
a vibrating piston in an infinite baffle [22].
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Figure 4. Instantaneous flow fields for 12 different time steps. The time steps of the snapshots are distributed
equidistantly over one oscillation period, in temporal order from top to bottom and from left to right.

3. RESULTS
3.1 Analysis of the flow field

At first, the flow field at the base VT length of L =
200 mm is be analyzed. Fig.4 shows the instantaneous
flow fields for L. = 200 mm for 12 different time steps.
Here, the position of the vocal folds is overlaid in black,
indicating the current phase of oscillation. The basic char-
acteristic of the flow is an oscillating jet with an oscilla-
tion frequency of f, = 151 Hz. It is evident from the
figure that the jet flow is deflected toward the lower chan-
nel wall during the closing phase of the VF oscillation.
This leads to the formation of a large-scale vortex in the
VT during the closed phase. In other periods of the VF
oscillation, this deflection also occurred toward the upper
channel wall (not shown). This also resulted in a changed
rotational direction of the vortex in the closed phase. It can
also be seen that the oscillating jet flow is highly turbu-
lent. As a result, the large, coherent structures underlying
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the flow are masked by small-scale turbulent structures.

To be able to analyze the coherent structures anyway,
a dynamic mode decomposition (DMD) [23] is applied to
the measured flow fields. The DMD spectrum is displayed
in Fig. 5. It is apparent, that the spectrum is dominated by
the oscillation frequency at f, = 151 Hz and its corre-
sponding higher harmonics at 2f,, 3f,,4f, etc. Further-
more, there are two broadband peaks visible centered at
approximately f = 45Hz and f = 110 Hz. For the anal-
ysis of these components, five reconstructed modes are
shown in Fig. 6. Here, the mode of the fundamental fre-
quency (151 Hz) describes the basic oscillatory behavior
of the jet. It exhibits high velocities in the opening phase
of the VFs, while showing velocities close to zero in the
closed phase. In the open phase, two vortices also form
above and below the jet between the two channel walls
and the large velocity region in the center of the channel,
which is visualized by the stream lines in the right frame.
In this fundamental mode, the jet is symmetrical over the
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Figure 5. DMD spectrum for L = 200 mm. Nega-
tive frequencies are omitted due to symmetry of the
spectrum.

entire period, i.e., the deflection of the jet to one of the
channel walls is not described by this mode, nor is the
large scale circulation in the VT during the closed phase
of the VFs. Instead, these two features of the flow can be
explained by the modes corresponding to the broadband
peaks in the DMD spectrum at 45 Hz and 110 Hz. The
top frames in Fig. 6 show the mode at 45 Hz exemplar-
ily. While the mode at 110 Hz is not shown, it exhibits
a very similar behavior to the mode at 45 Hz and differs
only in its corresponding frequency. Both modes show a
large-scale vortex extending over the entire measurement
region, that reverses its direction of rotation at the respec-
tive frequency (indicated in the figure by the reversed ar-
row direction on the streamlines between the two frames).
This vortex interacts with the jet in the open states and re-
sults in the deflection that can be seen in Fig. 4. At the
same time, it is also responsible for the circulation of the
flow in the closed phase. As described above, the deflec-
tion of the jet can occur both to the upper and to the lower
channel wall. The respective direction depends on the di-
rection of rotation of the vortex from the low frequency
modes. Since the number of preiods in the real flow case,
until a change of direction occurs can vary, this mode is
not characterized by a single frequency but by a range
of frequencies. This is the reason, why this mode shows
up as a broadband distribution in the DMD spectrum of
Fig. 5. The modes at 302 Hz, 453 Hz, and 604 Hz in Fig. 6
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are qualitatively similar to each other. All of them show
pairs of vortices, that are detached at the vocal folds. It
is evident, that the spatial dimensions of the vortices de-
crease with increasing frequency (in the figure from top to
bottom). The vortices are subsequently convected along
the shear layer of the jet. The same behavior is observed
for the even higher harmonics of the flow, which are not
plotted within Fig. 6. These vortex pairs -superimposed
with the oscillating jet- result in a high-frequency pulsa-
tion of the jet. Due to the fact, that the vortex-centers are
not always perfectly aligned, these modes also result in a
high-frequency “shaking” of the jet during the VF open
phase.

3.2 Influence of acoustics on the flow

A DMD analysis of the flow fields at other vocal tract
lengths shows that there is no qualitative change in the
behavior of the modes underlying the flow. Again, the
fo mode describes the oscillation of the free jet, while
the higher harmonics are characterized by detachment of
vortex pairs of different sizes. The low-frequency, large
scale vortex responsible for the deflection of the jet is
also present in all configurations. In order to investigate
the influence of acoustics on the flow field, it is neces-
sary to determine the acoustic properties of the VT as a
function of its length. For this purpose, the vocal tract
input impedance Z;,, was determined using a transmis-
sion line model. The maxima of Z;,, are located at the
acoustic resonant frequencies of the vocal tract. Fig. 7
shows Z;,, as a function of frequency f and VT length
L. Two resonant frequencies are visible in the displayed
range up to 500 Hz. Both decrease in frequency with in-
creasing length. Their frequency is slightly higher than
what would be expected from classical quarter-wave res-
onator theory, which can be explained by the impedance
jump that occurs at the position, where the channel cross
section changes from rectangular to circular. Also plotted
in Fig. 7 is the variation of f, with changing L. f, was
extracted manually from the DMD spectra of the corre-
sponding PIV measurements for this. It can be seen that
there is a range L < 400 mm where f, is independent
of the resonant frequencies. In this range, f, varies mini-
mally between 151 Hz and 153 Hz, with variations of this
magnitude attributable to slight changes in the experimen-
tal conditions, such as mean volume flow rate or trans-
glottal pressure. In the range L > 600mm, it is clear
that f, matches the first resonant frequency of the vocal
tract. Thus, as L increases, f, decreases uniformly with
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Figure 6. Reconstruction of five DMD modes. Each image pair belongs to one mode with the frequency
indicated on the left border. The mode at f = 151 Hz additionally includes the average flow field.

resonant frequency. This suggests that the fundamental
oscillation frequency of the jet is directly affected by the
standing acoustic waves present in the VT. This f,-shift
thereby also affects the higher harmonics, which are also
shifted to the same extent. This means that the VT acous-
tics also influence the vortex pairs detected by the DMD
(Fig. 6). A f, reduction implies for the vortex pairs that
either their detachment frequency and thus the distance
of the vortices to each other, or their convection veloc-
ity must decrease as a result. A noteworthy anomaly oc-
curs at L = 400 mm. Here f, shifts much earlier to the
acoustic resonant frequency, leading to an increase of f,
by a factor of about 1.5 to a frequency of 226 Hz. This
fo increase is not seen at L = 500 mm. A possible ex-
planation for this phenomenon could be the eigenmodes
of the VF model. A natural frequency at about 226 Hz
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may cause the vibrational mode of the VFs to change to
the associated natural mode, since the acoustic resonant
frequency of the VT favors it at L = 400mm. Indica-
tive of this is that this change in the vibrational mode of
the VFs was already observed in a previous work using
high-speed camera recordings [24] (source in German).
A further indication is given by the DMD spectrum for
L = 400 mm (Fig. 8). Here it can be seen that in addition
to the clearly highlighted peaks at f,, 2f,, 3f, etc there
are also smaller peaks at f,/3, 2f,/3 etc. This indicates
that not only has there been a shift in f,, but also new
tonal components have been added. At L = 500 mm,
the resonant frequency is again too far from the natural
frequency of the VF model, so that here f, is again at ap-
prox. 150 Hz, the VF model switches back to the original
mode of oscillation.
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Figure 7. The vocal tract input impedance as a func-
tion of frequency f and length L. Superimposed are
the oscillation frequencies f, at the individual mea-
surements.

4. SUMMARY AND CONCLUSION

The aerodynamics in the VT were shown to be charac-
terized by a fundamental oscillation and higher-frequency
pulsations due to periodically detaching vortex pairs. A
large-scale vortex extending over the entire measurement
area causes a deflection of the jet toward the upper or
lower channel walls. Furthermore, a clear influence of
the acoustic waves in the vocal tract on the flow could
be detected. As the VT resonant frequency approaches
fo» fo 1s 7pulled” to the resonant frequency. This results
in a changed fundamental frequency of the jet flow and
changed vortex shedding behavior. In addition, a natu-
ral frequency-induced change in the vibration mode of the
VFs could be detected when the resonant frequency of the
VT is close to a natural frequency of the VFs. However, to
confirm this finally, a modal analysis of the VF model used
must be performed in the future. There remain other ques-
tions to be addressed in the future: first, one issue is the
extent to which the observed effects in the flow affect the
aeroacoustic sound generation in the VT. For this, a source
term analysis from the PIV measurements with an acous-
tic analogy as performed by Lodermeyer et al. [15, 16]
may help. Another open question is to what extent the ob-
tained findings can be applied to the understanding of in
vivo practice. In this regard, the case of the singing voice
is particularly relevant, since interactions between acous-
tics and flow could be observed especially when f, was
close to an acoustic resonant frequency of the VT. How-
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Figure 8. DMD spectrum for L = 400 mm. Nega-
tive frequencies are omitted due to symmetry of the
spectrum.

ever, this case usually does not occur in normal speaking
voices, where f, is generally much lower than the first
resonant frequency.
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