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Unvoiced fricative speech production involves the noise produced by a complex fluid-structure interaction between
a moderate bulk Reynolds number (100 < Re < 10000) turbulent jet issued from a constriction somewhere in the
vocal tract with a downstream obstacle (i.e. articulators such as lips, tongue or teeth). To contribute to the physical
study of human unvoiced fricative speech production, two types of simplified in-vitro teeth-shaped (single and
dual) obstacle replicas are experimentally investigated. Acoustic measurements of the noise emitted by an airflow
passing through each of the two replicas are performed at several moderate bulk Reynolds numbers relevant to
fricative production in a quasi-anechoic chamber. In order to characterise and quantify the influence of articulators
position and shape on the produced sound, various geometric parameters of the replicas are tested. Furthermore,
the effect of initial and boundary conditions are studied as well by varying them.

1 Introduction

Unvoiced speech production means that the vocal folds
do not vibrate during the production of such speech sounds.
Compared to voiced speech production, unvoiced sounds have
been far less studied. Unvoiced fricative consonants, such
as [f] and [s], are produced by a turbulent airflow interact-
ing with various articulators of the vocal tract (such as lips,
teeth or tongue) and passing through constrictions (i.e. sud-
den narrowings in the vocal tract due to the presence of the
above mentioned obstacles). Such airflows are characterised
by moderate Reynolds (10> < Re < 10*) and low Mach num-
bers (M < 0.2) [6]. The main underlying acoustic mecha-
nisms of fricative sound production are outlined by Shadle
[4]. However, the way a turbulent airflow produces unvoiced
fricative sounds as well as where this sound production oc-
curs are still far from being completely understood.

Although several aeroacoustic models of the sibilant frica-
tive production using simplified or realistic in-vitro replicas
of the vocal tract and/or teeth were proposed (e.g. [2]), the
influence of geometric parameters on the properties of the
sound generated remains an open question. Indeed, small
variations of the position of the articulators (tongue and teeth)
significantly change the spectral properties of the sound gen-
erated according to in-vivo [3] and in-vitro [5] studies. Com-
pared to realistic ones, simplified in-vitro replicas have the
advantage of reducing the complexity of the study by fo-
cusing on a limited number of phenomena and parameters.
Moreover, geometric parameters in simplified replicas can
be quite easily controlled and an overall higher experimental
repeatability can be achieved.

In this article, two types of simplified two-dimensional
in-vitro teeth-shaped obstacle replicas are presented: a sin-
gle and a dual-teeth geometry. The single replica has already
been experimentally and numerically studied by Grandchamp
et al [1], but only at a bulk Reynolds number of 4000, and has
not been acoustically characterised. The dual-teeth replica
has not been studied before. With two teeth-shaped obsta-
cles instead of one, this replica is closer to the in-vivo mor-
phology. For both replicas, the aim is to study the influence
of various geometric parameters on the noise produced at
the constriction (i.e. the space created under or between the
teeth-shaped obstacle(s)) when an airflow passes through the
replica at different volume flow rates relevant to speech pro-
duction. Spectral characteristics of the measured noises at
4 different Reynolds numbers relevant to speech production
are compared and discussed.
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2 Description of the two replicas

2.1 Single teeth-shaped obstacle replica

The geometry of the two-dimensional single teeth-shaped
obstacle replica (Fig. 1) is based upon two main morpho-
logical characteristics: (1) upper incisor dimensions in the
flow direction and (2) upper teeth position with respect to the
palatal plane. The obstacle has the shape of a trapezoid de-
fined by its base [,,; = 6.6mm, tip length /; = 1.25mm and
height 4, = 17.5mm. In the standard configuration, the lead-
ing and trailing angles of the obstacle with the upper plane of
the rectangular channel are §; = 107 ° and 6, = 90 °, which
corresponds to the orders of magnitudes observed in in-vivo
subjects [1]. The obstacle can be inverted as well and in this
case ) = 90° while 6, = 107 °. The degree of aperture, de-
fined by the ratio between the unconstricted and constricted
heights % can be accurately fixed by a screw.
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Figure 1: (a) Incisor model [7] (b) Single teeth-shaped
obstacle replica [1]

2.2 Dual teeth-shaped obstacle replica

The two-dimensional dual teeth-shaped obstacle replica
is composed of two obstacles which have exactly the same
shape and dimensions as the teeth of the single obstacle re-
plica (Fig. 2), for which corresponding heights /, and A; can
be both precisely adjusted by screws. The two obstacles can
be positioned symmetrically (i.e. 8; = 107°, 6, = 90°, 9; =
107°, 9’2 = 90°) or asymmetrically (i.e. 6; = 107°, 6, =
90°, 6; = 90°, 6, = 107°). The height difference between
both obstacles is arbitrarily defined as the constricted height
h for this replica. & can be either positive (i.e. open teeth as in
the current paper) or negative (i.e. overbite). It is arbitrarily
chosen to vary only the height of the lower teeth while fixing
the height of the upper one.

3 Aeroacoustic measurement set-up

The aeroacoustic measurement set-up used for both repli-
cas is schematically depicted in Fig. 3. The apparatus is
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Figure 2: Dual teeth-shaped obstacle replica: symmetric
teeth (left) and asymmetric teeth (right) configurations.
Positive x-axis direction is the mainstream direction.

mainly composed of the following items:

o Air compressor (Atlas Copco GA7, located outside the
experiment room) coupled to a pressure regulator (Nor-
gren type 11-818-987), which provides the inlet air-
flow. The volume flowrate Q of the inlet airflow is ad-
justed by a valve and measured by a volume flowmeter
(TSI 4000 Series).

Aeroacoustic settling chamber made of plexiglas, with

internal walls covered by acoustic foam (SE50-AL-

ML, Elastomeres Solutions), to limit the upstream noise
created in the inlet flow and to avoid any disturbing

acoustic resonance.

Acoustic insulation chamber (dimensions 2.07x2.10x
2.14m), to isolate from noise inherent to the measure-
ment set-up, to ensure a low background noise and
to avoid any sound reflection (quasi-anechoic condi-
tions) during measurements, as described in [8]. The
kinematic viscosity of air v inside the insulation cham-
ber was nearly constant during all measurements (v =
1.5 - 107 m?/s).

Uniform unconstricted rectangular channel (length L
of 310 or 620mm, internal width w = 105mm, inter-
nal height 1y = 25mm), made of plexiglas, at the end
of which the replica to be tested is mounted. The main
purpose of this channel is to avoid a vena-contracta ef-
fect and to simulate the vocal tract presence upstream
of the oral cavity in a very simplified manner. In or-
der to reduce the turbulence inside a given channel, a
honeycomb with hexagonal cavities of diameter 9mm
and length 80mm can be inserted at the upstream end
of the channel.

Pressure-field microphone B&K type 4192 (+ pream-
plifier B&K type 2669) installed at a position not too
close to any wall of the insulation chamber and to the
replica outlet (94cm), for recording the pressure vari-
ations inside the chamber. The microphone is located
at the same height as the replica but with an angle of
about 37 ° with respect to the main flow direction x in
the horizontal plane, in order to avoid any disturbance
from the flow on the microphone, which is not pro-
tected by a wind-shield. It is supplied and amplified
(+30dB) by a B&K amplifier type 5935.

3.1 Flow characterisation of inlet conditions

To characterise the airflow for each volume flowrate, a
bulk Reynolds number Re;, based upon the adjustable con-
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Figure 3: Measurement set-up used for both replicas

stricted height 4 and width w of the rectangular channel is
defined as
_Q

=—, ey
wyv

Rey = ——
\4

where U, % is the bulk velocity at the constricted sec-

tion with rectangular area wh. Since the width w remains
constant for all the tested configurations, the bulk Reynolds
number depends only on the volume flow rate Q and not on
the degree of aperture % In the current study, the following
inlet volume flowrates are used: 60, 100, 160, 200L/min, re-
spectively corresponding to the bulk Reynolds numbers 606,
1010, 1616, 2020, relevant to speech production (10% < Rey, <
104).

Four different types of inlet conditions are tested: (1) no
rectangular channel inserted between the replica and the set-
tling chamber, (2) 310mm-channel, (3) 620mm-channel, (4)
honeycombed 310mm-channel. Prior to the acoustic mea-
surements, it is useful to characterise the airflow properties at
the outlet sections of these inlet conditions (with no replica)
i.e. at the locations where the replica is normally mounted.
Interesting airflow properties are the transverse distributions
of local longitudinal mean velocities U(y) and corresponding
local turbulence intensities 7,(y) = 100 - %, with o (y) the
standard deviation of U(y).

Velocity profiles of the four tested inlet conditions mea-
sured at outlet sections are shown in Fig. 4 and correspond-
ing local turbulence intensities are shown in Fig. 5. The
six Reynolds numbers of these figures are different from the
four ones used for the acoustic measurements because they
correspond to another study focusing on flow properties of a
larger number of inlet conditions, which was conducted in-
dependently. Nevertheless, these Reynolds numbers are in
the same order so comparison is relevant. Theoretical pro-
files are added for comparison: parabolic (laminar), power
law 1/7 (turbulent), top hat (turbulent) and uniform (ideal
fluid) profiles. At least for higher Reynolds numbers (751,
1114, 1296), the experimental profiles seem clearly turbulent
(not parabolic), and follow either a power law or a top hat
behaviour. A much higher turbulence intensity is found for
the ‘no-channel’ case (Fig. 5(a)), especially near the walls
(40-50%).

4 Acoustic results and discussion

4.1 Spectral characterisation of acoustic data

For each tested configuration and each volume flowrate,
the pressure time signal was recorded during five seconds at
a sampling rate of 44.1kHz. Spectral characterisation of the
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Figure 4: Normalized mean transverse velocity profiles
measured at the outlet of tested inlet conditions (without
attached replica) for 6 bulk Reynolds numbers: 114 (), 296
(+), 478 (o), 751 (*), 1114 (O), 1296 (¢). Theoretical
profiles are added for comparison: parabolic (dashed),
power law 1/7 (dash-dot), top hat (dotted), uniform (solid).

measured acoustic data is carried out by estimating power
spectral densities (PSD) of the pressure time signals recorded
by the microphone. Since all these signals are random and
unsteady, mainly due to turbulent fluctuations, Welch’s peri-
odogram method is used for PSD estimation in order to im-
prove the signal-to-noise ratio (5 one second segments and
10% overlap). Signals are high-pass filtered by a Butter-
worth filter of Sth order and a cut-off frequency of SOHz (Fig.
6(b)). Frequencies of interest are between 100 and 8000Hz,
relevant to speech production. All the presented spectra fig-
ures show the sound pressure levels (SPL) in the frequency
domain, expressed in dB/Hz and defined as

P
| (f)l]’ &

L,(f)=10- loglo[ >
p ref

where p,.y = 2+ 107Pa and P(f) is the PSD estimation of
the measured pressure samples. In the presented figures, the
symbol dB stands for dB/Hz. The background noise inside
the insulation chamber was measured before each measure-
ment. The repeatability of the background noise is verified
as illustrated in Fig. 6(a).

4.2 Results for the single obstacle replica

In addition to the bulk Reynolds number, the other tested
parameters for the single obstacle replica are listed in Table
1. Among the four types of inlet conditions, in order to re-
duce the number of distinct combinations of parameters to
test, the empty 310mm-channel (i.e. without honeycomb) is
arbitrarily chosen as a standard configuration when varying
the other parameters since its length is closer to that of a real
vocal tract (169mm in average for males [6]).

First, the influence of the degree of aperture % is studied
for the case of an empty 310mm-channel and a leading angle
0, = 107° (Fig. 7). For 30% aperture, nearly no noise is
produced for all Reynolds numbers. However, as expected
from [4], significant noise is produced for smaller apertures
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Figure 5: Local transverse turbulence intensities measured
at the outlet of tested inlet conditions (without attached
replica) for 6 bulk Reynolds numbers: 114 (x), 296 (+), 478
(0), 751 (%), 1114 (O), 1296 (o).
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Figure 6: (a) Background noise (4 repeated measurements)
(b) Raw (solid) and corresponding filtered signal (dotted)

and higher Reynolds numbers, i.e. for higher pressure drops
across the constriction. For 2.4% aperture and Re;, = 2020,
the spectrum has a broadband shape, similar to that of frica-
tive noise [4], with an increased presence of high frequency
peaks. Since much more noise is generated for this degree
of aperture, it is chosen to maintain the degree of aperture at
2.4% when varying the subsequent parameters.

Next, the influence of the leading angle 6, is studied for
the two values of 107 ° (standard) and 90 © (inverted position)
with L = 310mm and % = 2.4%. Corresponding results
are shown in Fig. 8. Although the overall noise levels are
slightly higher for 8, = 107°, the two angle configurations
do not exhibit significant differences. Observed peaks are at
the same frequencies for both configurations.

Then, the length of the rectangular channel is varied (L =
0, 310, 620mm) for an aperture of 2.4% and a leading an-
gle 8; = 90°, without any honeycomb inserted. Varying L
for 8; = 107 ° has not been carried out yet. From Fig. 9, it
appears that the longer the channel, the lower the generated
noise. This is probably because the channel tends to reduce
the turbulence upstream of the replica. Moreover, when no
channel is inserted, the replica is directly connected to the
aeroacoustic settling chamber by an abrupt contraction with
sharp edges, where a vena-contracta effect may occur and
where a substantial number of eddies may be generated, be-
coming an additional source of noise. This is consistent with
the high turbulence intensities visible on Fig. 5(a).
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Table 1: Tested parameters for the single obstacle replica
(HC = honeycomb)

Re, [-] | 606 - 1010 - 1616 - 2020
h’—’o (%] 24-10-30
L[mm] | 0-310-620-310+HC
0, [°] 90 - 107

[dB]

1000 2000 3000 4[(')_‘0? 5000 6000 7000 8000 1000 2000 3000 4[%0(]) 5000 6000 7000 8000
iz] Z]

(a) Rep, = 606 (b) Rep = 1010

1000 2000 3000 4[(’)*0(]) 5000 6000 7000 8000 1000 2000 3000 4[(’)-‘0(]) 5000 6000 7000 8000
iz] z]

(c) Rep = 1616 (d) Rep = 2020
Figure 7: Influence of the degree of aperture % for the
single obstacle replica (L = 310mm and 6, = 107 °): 2.4%
(solid) - 10% (dashed) - 30% (dash-dot)

Finally, the acoustic effects of inserting the honeycomb
described in Section 3 inside the 310mm-channel with the
single obstacle replica mounted are illustrated in Fig. 10. As
expected, less noise is radiated when the channel is honey-
combed, especially for lower Reynolds numbers. Indeed, the
honeycomb reduces the turbulence effects by homogenising
the streamlines of the airflow and reducing the eddies.

4.3 Results for the dual obstacle replica

For the dual obstacle replica, the symmetrically and asym-
metrically positioned teeth configurations (Fig. 2) are stud-
ied. Only the unhoneycombed 310mm-channel is used as
inlet condition for the two configurations. The same degrees
of aperture HLO as for the single obstacle replica are used (2.4,
10 and 30%). Results for the symmetric case are displayed in
Fig. 11 while Fig. 12 shows results for the asymmetric case.

From these figures, it can be concluded that for the dual
obstacle replica, the degree of aperture does not exhibit a sig-
nificant influence on the produced noise, at least for the tested
values, whether the teeth are symmetric or not and even for
higher Reynolds numbers. This shows that the presence of
a horizontal surface in the vicinity of the constriction, as the
case for the single obstacle replica, leads to a more efficient
noise radiation. Indeed, for the dual obstacle replica, the up-
per and lower walls of the rectangular channel upstream of
the two teeth are located relatively far from the constriction
formed by the teeth. This phenomenon could be compared to
the in-vivo sibilant production, for which it is easier to pro-
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(c) Rep = 1616 (d) Rep = 2020
Figure 8: Influence of the leading angle 6, for the single
obstacle replica (L = 310mm and :—0 = 2.4%): 90° (solid) -
107 ° (dashed)
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(c) Rep = 1616 (d) Rep = 2020

Figure 9: Influence of the rectangular channel length L for

the single obstacle replica (% =2.4% and 6; = 90°): Omm
(solid) - 310mm (dashed) - 620mm (dash-dot)

duce a [s] by moving the tongue closer to the incisors than
keeping the tongue far away from them.

5 Conclusion

The current paper presents an experimental aeroacoustic
study of a single and a dual teeth-shaped obstacle replica,
which are simplified in-vitro models of a human in-vivo oral
cavity coupled with incisors. Various bulk Reynolds num-
bers relevant to speech production and various geometric pa-
rameters are tested for both replicas. For the single obstacle
replica, the degree of aperture, as expected from [4], is a key
parameter for fricative noise production. Indeed, a smaller
degree of aperture, i.e. a higher pressure drop across the con-
striction, leads to higher noise radiation.

Although the dual obstacle replica is morphologically clo-
ser to the in-vivo reality, with the presence of two teeth in-
stead of one, noises generated by a turbulent airflow passing
through the single obstacle replica seem acoustically closer
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Figure 10: Effect of inserting a honeycomb into a
310mm-channel with attached single obstacle replica
(6; = 107 °): empty channel (solid) - honeycombed (dashed)
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Figure 11: Influence of the degree of aperture % for the dual
obstacle replica with symmetric teeth configuration: 2.4%
(solid) - 10% (dashed) - 30% (dash-dot)

to real unvoiced fricative sibilant speech sounds, at least un-
der the tested conditions. This is probably because the pres-
ence of a horizontal surface in the vicinity of the constriction,
which interacts with the flow, is required to achieve a more
efficient fricative noise generation.

However, for a deeper characterisation of these two repli-
cas, other values of the studied geometric parameters should
be tested, as well as extending the Reynolds numbers and
frequency range. The overbite configuration for the dual ob-
stacle replica is an avenue worth investigating. Another inter-
esting parameter which has not been explored yet is the direc-
tivity of the produced noises, as it may bring further clarifi-
cations about the location of fricative noise production in the
oral cavity system. Building and testing a two-dimensional
circular teeth-shaped obstacle could provide interesting re-
sults as well, for understanding the influence of the teeth row
shape on the produced sound. Finally, aeroacoustic numeri-
cal models of the experimentally tested configurations could
be implemented and numerical results could be compared
with the experimental results.
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Figure 12: Influence of degree of aperture hi for the dual
obstacle replica with asymmetric teeth configuration: 2.4%
(solid) - 10% (dashed) - 30% (dash-dot)
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