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The current paper considers physical speech screening by supplying air to a rigid replica based on oral
tract volume reconstruction of a speaker uttering phoneme /s/ (Reynolds number about 5300).
Radiated acoustic pressure spectra were measured for different flow conditions upstream from the recon-
structed portion: Reynolds number (2800, 5300, 8900) and turbulence intensity (<4% and >4% by varying
the method of air supply). Acoustic spectra obtained with the replica were compared to spectra of pho-
neme /s/ uttered by the same speaker at different loudness levels. It is found that noise emitted by the
replica reproduces the spectral shape (in particular for frequencies up to 8 kHz) and the order of magni-
tude of spectral features (spectral slopes and dynamic amplitude) of phoneme /s/. Nevertheless, spectral
differences (energy discrepancy, peak frequency, negative spectral slope) between phoneme /s/ and
sound generated with the replica are observed as a function of Reynolds number as well as a function
of upstream turbulence intensity. Therefore, current data suggest that in order to perform sibilant physi-
cal speech screening Reynolds number as well as upstream flow conditions need to be taken into account.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The human oral tract is due to its multiple functions and its cru-
cial role in daily life of interest to many disciplines ranging from
physiology to entertainment. A common way to evaluate some
aspects related to the oral tract either for clinical, oral health care
or research purposes is physical speech screening. Consequently,
many research efforts focus on quantifying speech features as a
function of oral tract features (e.g. geometrical) [3,10].
Nevertheless, some difficulties are inherently related to speech
screening on human subjects such as intra- and inter speaker vari-
ability or inherent correlation of flow and geometrical quantities
[8]. To avoid these problems, some researchers and developers
working in relation to oral health care, make use of the fast devel-
opment of volume reconstruction and rapid prototyping to study
noise production using a reconstructed oral tract portion instead
of a human speaker [12].

Sibilant physical speech screening is a concrete example of
direct use for speech researchers as well as for clinical researchers
e.g. dentistry [13,16]. Therefore, in the following, we consider sibi-
lant fricative physical speech screening based on a partial recon-
struction of the oral tract during phoneme /s/ production. The
underlying mechanism of sibilant fricative sound production is
generally described as noise produced due to the interaction of a
turbulent jet, issued from a constriction between the tongue and
the hard palate – i.e. the sibilant groove – somewhere in the vocal
tract, with a downstream wall or obstacle [3,18]. Consequently,
acoustic features of sibilant noise are influenced by both flow
and geometrical parameters. Sibilant physical speech screening
using a reconstructed geometry allows to study the potential
impact of flow parameters on noise production independently
from geometrical parameters. Recently, evidence was provided
suggesting that different upstream flow conditions affect spectral
features used to describe sibilant fricatives such as phoneme /s/,
but comparison with spectra of phoneme /s/ uttered by a human
speaker was lacking [20]. Such a comparison is needed when aim-
ing sibilant physical speech screening using a replica. Concretely,
in the current study spectral features of noise generated using a
replica containing a reconstructed oral tract portion are gathered
as a function of two flow parameters. Firstly, different Reynolds
numbers are assessed to account for the effect of mean velocity
on the sound outcome [18,14]. Secondly, the turbulence intensity
upstream from the reconstructed portion is altered by varying
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the method of air supply to the replica in order to change the con-
tribution of aerodynamic noise production expressed by the
Reynolds stress tensor [5,20]. Spectral features obtained with the
replica are then compared to spectral features of sibilant /s/
uttered by the subject for which the oral tract reconstruction
was made. In addition, flow downstream from the replica is visua-
lised in order to qualitatively assess the flow field. It is discussed to
which extent a replica based on a reconstructed oral tract can be
used for sibilant physical speech screening.

2. Method

All human data are acquired on the same adult male subject
(Japanese native speaker, normal sitting position, no health issues
and without speech disorder, normal dentition of angle class I of
occlusal type) [12].

2.1. Reconstructed geometry

A cone-beam CT scan (CB MercuRay, 512 slices of 512� 512
pixels with accuracy ±0.1 mm) was made while uttering phoneme
/s/ during 9.6 s following a ‘medium’ loudness instruction (with a
flow rate about 21 L/min) [12]. The oral cavity volume and its
shape were reconstructed using a marching cube method and an
optical modelling machine (SOUP 2 600GS, material TSR-829) with
spatial accuracy ±0.1 mm [12]. Note that due to surface smoothing
the exact accuracy is unknown [1,11]. The minimum area of the
constricted passage (sibilant groove) yields 3.5 mm2. The inlet of
the reconstructed portion has an elliptical shape with hydraulic
diameter 13 mm. A rigid mechanical vocal tract replica (Fig. 1)
for sibilant /s/ was obtained by smoothly connecting an upstream
circular duct with outlet diameter D ¼ 8 mm to the reconstructed
geometry (transparent) with elliptical inlet. The connecting por-
tion was designed to have a length of 30 mm with a divergent
angle of about 9� so that the flow remained unstalled [15]. The
total length of the mechanical replica was 187 mm which corre-
sponds to the averaged length of the vocal tract of an adult male
Fig. 1. Schematic overview of the vocal tract replica [mm]: front view (top left), centre si
[mm2] perpendicular to streamwise x direction (bottom right).
subject [3]. The constriction degree is defined as 1� AðxÞ=Amax with
cross-sectional area AðxÞ perpendicular to the streamwise x-direc-
tion and Amax the maximum area of the reconstructed portion (bot-
tom right in Fig. 1). The length of the constricted portion lc with
constriction degree greater than 88% (1� AðxÞ=Amax P 88%, bottom
right in Fig. 1) yields about 15 mm and the length of the resulting
front-cavity lf (portion downstream from the constricted portion)
yields about 20 mm. For these dimensions and sound speed
c ¼ 343m/s (air at a temperature of 20 �C), the half wavelength
constriction resonance (c=2lc) approximates 11 kHz and the quar-
ter wavelength front-cavity resonances (nc=4lf with n ¼ 1;3; . . .)
occur at uneven multiples of 4 kHz (i.e. 12 kHz) [18,14]. The acous-
tic response of the vocal tract replica in absence of flow is further
illustrated in Fig. 2. The acoustic response is obtained assuming
stationary plane wave propagation within the cross section area
perpendicular to the streamwise x direction (Fig. 1) [14].
Moreover, a flanged outlet of the replica is assumed to model the
radiation impedance, a complex wavenumber is considered to
account for cisco-thermic losses and finally a harmonic noise
source is placed at the inlet [14]. The cross-section area is dis-
cretized in uniform sections of 1 mm length. At the junctions a
transfer matrix is used to propagate the acoustic pressure and vol-
ume velocity from the exit to the entrance [14]. The method is
repeated for frequencies within the range of interest, from 1 kHz
up to 20 kHz using the same source strength. Note that this acous-
tic response is a first approximation since based on the largest out-
let dimension of the replica of w ¼ 55 mm (mouth width), the first
cut-on frequency of higher order propagation modes is about
3.5 kHz (1:84c=pw) [14]. The minimum area Amin perpendicular
to the x-axis yields 5 mm2 instead of the effective minimum area
of 3.5 mm2 due to the angle of about 45� between the constricted
portion and the streamwise x direction (bottom right Fig. 1). In any
case – considering either 5 mm2 or 3.5 mm2 as the minimum area
– the maximum constriction degree yields P 99:5%, illustrating
the severeness of the constriction.

The largest dimension of the replica at its outlet is w ¼ 55 mm
(mouth width).
de view (bottom left), overall view (top right) and cross-sectional streamwise area A
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Fig. 2. Acoustic plane wave response of the vocal tract replica for the area cross
section given in Fig. 1: Normalised pressure jPj [dB] as a function of frequency f
[kHz] at the outlet of a flanged replica.

Y. Fujiso et al. / Applied Acoustics 96 (2015) 101–107 103
2.2. Acoustic measurements

Acoustic measurements were done using a calibrated (B&K
4231 calibrator) pressure-field microphone (B&K 4192). The micro-
phone is connected to a pre-amplifier (B&K 2669) and an amplifier
(B&K 5935) adding 30 dB. Data were recorded using a data acquisi-
tion card (NI PCI-MIO 16 XE) at a sampling frequency of 44.1 kHz.
The microphone was located in a quasi-anechoic chamber (Fig. 3)
in the horizontal xz-plane at an angle of 37� with respect to the
entrance of the chamber [19]. Moreover, the distance between
the microphone and the walls yielded at least 800 mm and the dis-
tance between the microphone and the exit of the noise generation
system was about 940 mm. Experiments were performed at a tem-
perature of 20� 1 �C.

Noise was generated at the entrance of the quasi-anechoic
chamber in three different ways labelled (I), (II) and (III):

(I) Phoneme /s/. Phoneme /s/ was uttered following three dif-
ferent loudness instructions ‘soft’, ‘medium’ and ‘loud’.
These instructions are commonly used in sibilant fricative
speech screening to evaluate the impact of volume flow rate
Qoral [8]. The turbulence intensity (Tu, root mean square of
streamwise velocity) upstream from the constricted vocal
tract portion is unknown. Note that the oral tract geometry
is not controlled.

(II) Flow facility (with settling chamber) + replica. Air was sup-
plied to the replica (Fig. 1) using an air compressor (Atlas
Copco GA7) followed by a pressure regulator (Norgren type
11-818-987) and a manual valve so that volume flow rate
Qcomp is controlled (4043 TSI) [20]. The replica is mounted
to an upstream settling chamber (0.4 m � 0.4 m � 0.5 m)
Fig. 3. Overview of experimental setup for acoustic measurements. The micro-
phone is positioned at an angle of 37� with respect to the main airflow direction in
the horizontal xz-plane.
tapered with acoustic foam (SE50-AL-ML Elastomeres
Solutions) to avoid acoustic resonances due to the experi-
mental setup upstream from the replica. The turbulence
intensity upstream from the reconstructed vocal tract por-
tion (Tu) is smaller than 4% [20] for all assessed volume flow
rates Q comp.

(III) Human blowing + replica. Air was supplied to the replica
(Fig. 1) by human blowing following three different effort
instructions: ‘soft’, ‘medium’ and ‘loud’. The turbulence
intensity upstream from the reconstructed vocal tract por-
tion (Tu) is greater than 4% for all assessed volume flow rates
Q blown [20].

The qualitative estimation of the volume flow rate Qoral (I) and
Qblown (III) was obtained using the volume flow meter (TSI 4000
series) in combination with the instruction. The upstream turbu-
lence intensity Tu was measured at the centre of the exit of the
upstream circular duct using hot-film anemometry (TSI1201-20
and IFA 300) [6,20]. Experimental upstream flow conditions asso-
ciated with the three different noise generation systems are sum-
marised in Table 1. Reynolds number Re ¼ 4Q=pDm upstream
from the reconstructed portion (II) is estimated using the exit
diameter of the upstream circular duct of the vocal tract replica
D ¼ 8 mm (Fig. 1) and kinematic viscosity of air m ¼ 1:5�
10�5 m2=s. A qualitative estimation for the Reynolds numbers
associated with the different loudness conditions (‘soft’, ‘medium’
and ‘loud’) of noise generation systems (I) and (III) was obtained
using again diameter D ¼ 8 mm in combination with the measured
volume flow rate Q oral (I) and Q blown (III). It is seen that the resulting
Reynolds numbers (2800, 5300 and 8900) are the same for all noise
generation systems so that they can be used as quantitative labels
as was done in Table 1. The same labels are used to indicate the
imposed condition of either loudness (I) – flow (II) or blowing
effort (III) in the figure legends further on.

Acoustic spectra Lp as a function of frequency f are obtained as
the sound pressure level (SPL) of the Welch averaged Power
Spectral Density Pðf Þ of the measured acoustic pressure signal [14]:

Lpðf Þ � 10 � log10
jPðf Þj
p2

ref

 !
; ð1Þ

with pref ¼ 2� 10�5 Pa. Concretely, time-averaging of the periodio-
grams was performed using 20 Hamming windowed energy nor-
malised time segments of fixed duration (7 ms) with 10% overlap
resulting in stable spectra with a standard deviation of 5 dB up to
15 dB [8,4]. The sound pressure spectra were parameterized by
Table 1
Summary of upstream flow supply or instruction for different noise generation
systems (I, II and III).

Noise generation systemc Reynolds numbera,b Re

2800 5300d 8900

I loudnesse of phoneme /s/ (Qoral) ‘soft’ ‘medium’ ‘loud’
Tu unknown

II Flow facility (Qcomp) + replica 10 L/min 24 L/min 45 L/min
Tu < 4%

III Blowing efforte (Qblown) + replica ‘soft’ ‘medium’ ‘loud’
Tu > 4%

a Based on upstream duct outlet diameter D ¼ 8 mm and rounded to the nearest
multiple of 100.

b Corresponding to about 10,000, 19,000 and 21,000 based on the minimum area
of the reconstructed portion (Fig. 1).

c Human data are gathered on one single subject.
d Condition used for oral tract reconstruction (Section 2.1).
e Loudness/blowing effort instruction: ‘soft’ (�11 L/min), ‘medium’ (�21 L/min)

and ‘loud’ (�45 L/min).
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considering dynamic amplitude Ad, spectral peak frequency f m and
linear regression slopes S1 (f min 6 f 6 f m, with f min the frequency
associated with minimum spectral amplitude, positive slope) and
S2 (f m 6 f 6 20 kHz, negative slope) in accordance with fricative
spectral characterisation [8]. Dynamic amplitude Ad is commonly
reported [8] to depend on volume flow rate (loudness level), peak
frequency f m relates to the geometry (front-cavity resonance) and
spectral slopes depend on volume flow rate (loudness level) as well
as geometry (front-cavity resonance and hence peak frequency) [8].
In addition, recently [20] evidence is provided that varying
upstream flow conditions might affect negative spectral slope S2

and dynamic amplitude Ad as well, so that the relationship between
spectral features and Reynolds number might be altered by varying
upstream flow conditions such as turbulence intensity.

Besides spectral parameters, the acoustic energy within each
octave band with centre frequency f c was considered [4]. The
acoustic energy was normalised by the total acoustic energy
among all bands in order to compensate for a variation of
Reynolds number. Note that the octave band with centre frequency
f c ¼ 16 kHz is limited to 22,000 Hz instead of 22,627 Hz to avoid
aliasing given the acoustic sampling frequency of 44.1 kHz. The dif-
ference of normalised acoustic energy nðf cÞ is quantified with
respect to noise generation system II (flow facility + replica) since
this is the most reproducible generation system (volume flow rate
and geometry are controlled/known). The difference nðf cÞ is
expressed in dB.
2.3. Flow visualisation

The flow facility of noise generation system (II) (compressed air
supply with settling chamber upstream from the replica) was used
to perform flow visualisation of the near field of the replica exit.
Neutrally buoyant white smoke was injected in the settling cham-
ber by means of a fog machine (Kool Light, FOG-1200E, 1200W,
maximum volume flow rate 300 m3/min). The effective Schmidt
number of the smoke was of order 106. Two dimensional illumina-
tion was applied with a two-dimensional laser light beam. The
laser light sheet was generated by a class IIIb laser light source
(Laserglow Technologies, LRS-0532-TFM-00200-10, 234.2 mW,
wavelength of 532 nm and with spectral line-width <0.1 nm) to
which a 10� cylindrical lens was added. The resulting laser sheet
had a thickness <3 mm. To record the illuminated smoke pattern,
a colour camera (Casio, EXILIM Pro EX-F1, 6.0 million effective pix-
els and 12X optical zoom) was positioned perpendicular to the
laser sheet. The back wall of the test chamber was painted in black
to ensure a good contrast with the smoke pattern. Movies were
recorded at 300 fps so that the time interval between consecutive
images was 0.0033 s which ensures a good freezing of the flow
development. The exposure time used to gather each image was
constant and did not depend on the assessed Reynolds number.
3. Results

3.1. Acoustic spectra

In general, generated sounds are perceived by a human listener
as noisy as expected for a natural human phoneme /s/ utterance. A
more quantitative analysis is obtained by analysing acoustic spec-
tra. Spectra of the radiated acoustic pressure are illustrated in
Fig. 4 for Re � 5300 and Re � 8900. All acoustic spectra, i.e. for all
noise generation systems (I, II and III) and Reynolds numbers
(2800, 5300 and 8900), are dominated by frequencies greater than
3.5 kHz, which corresponds to the order of magnitude of the first
cut-on frequency of higher order propagation modes (Section 2.2).
Spectra observed for Re � 5300 (Fig. 4(a)) match well for all three
noise generation systems (I, II and III) up to 8 kHz. This is reassuring
since Re � 5300 corresponds to the condition for which the oral
cavity reconstruction was obtained (Section 2.1). Beyond 8 kHz
spectral differences occur, which are more important when the
geometry is not controlled (I versus II/III: different shape and ampli-
tude) than when the method of air supply is varied for a same
geometry (II versus III: overall similar shape and different ampli-
tude). Increased amplitude in the high frequency noise portion
might be due to the increase in upstream turbulence intensity caus-
ing an increase in aerodynamic noise (Reynolds tensor) when com-
paring air supplied using a flow facility (Tu < 4%) and air supplied
by human blowing (Tu > 4%) (II versus III in Table 1). Comparison
of spectra for noise generation systems II and III for Re � 8900
(Fig. 4(b)) reveals the same tendencies as observed for R � 5300
(overall similar shape and different amplitude) whereas spectra
for phoneme /s/ (I) differ in shape as well as amplitude from those
obtained with the replica (II and III). Moreover, amplitude and
shape of phoneme /s/ spectra (I) for Re � 8900 and Re � 5300 differ
in general whereas the impact of Reynolds number on spectra
obtained with the replica is limited to amplitude and the spectral
shape is less affected.

The given qualitative spectral characterisation is confirmed
when considering the normalised acoustic energy discrepancy
(nðf cÞ for f c P 2 kHz) shown in Fig. 5. For Re � 5300 and
Re � 8900, the overall energy discrepancy is small (nðf cÞ < 2 dB)
when the replica is used and the method of air supply is varied
(III versus II in Fig. 5(b)). Again for Re � 5300 and Re � 8900, the
overall energy discrepancy increases (nðf cÞ < 4 dB) when compar-
ing noise generated with the replica and phoneme /s/ (I versus II
in Fig. 5(a)). For Re � 2800 on the other hand, varying the method
of air supply to the replica increases the spectral discrepancy sig-
nificantly (nðf c P 4 kHz)P 4 dB), which emphasizes the impact of
upstream flow conditions (such as turbulence intensity Tu) on
the acoustic outcome and in particular on the high frequency por-
tion of the spectra. For spectra obtained for phoneme /s/ at
Re � 2800 (I versus II in Fig. 5(a)) the overall energy discrepancy
is important (nðf cÞ > 2 dB). Nevertheless, compared to spectra
obtained for higher Reynolds numbers Re P 5300 the increase in
energy discrepancy is observed only for 4 6 f c 6 8 kHz and is less
pronounced (nðf c ¼ 4Þ kHz <4 dB). This suggests that a change in
geometry (affecting e.g. peak frequency position) contributes more
to the spectral discrepancy than changes in upstream turbulence
intensity. Although, since the upstream turbulence intensity Tu

for phoneme /s/ (I) is unknown (Table 1) no absolute conclusion
can be made.

Spectral features outlined in Section 2.2 are quantified:
dynamic amplitude Ad, spectral peak frequency f m and linear
regression slopes S1;2. Fig. 6(a) illustrates dynamic amplitude Ad

and linear regression slope S2 who were observed to be correlated
to the loudness level (volume flow rate) in human sibilant fricative
production [8]. Fig. 6(b) shows linear regression slope S1 and spec-
tral peak frequency f m who were observed to be correlated to the
geometry (front cavity resonance) in human sibilant fricative pro-
duction [8]. The impact of Reynolds number on spectral features
Ad; f m and S1;2 is summarised in Table 2. For all noise generation
systems (I, II and III) and Reynolds numbers (2800, 5300 and
8900) spectral parameters yield values within the range reported
for sustained /s/ phonemes [8]. Dynamic amplitude Ad increases
with Reynolds number Re (Fig. 6(a)) for all noise generation sys-
tems (I, II and III) [8]. Nevertheless, the increase is more important
for phoneme /s/ (6110% for I) than when the replica with constant
geometry is used (610% for II and III). This is due to the sharp spec-
tral peak observed for phoneme /s/ (Fig. 4(b)). For the highest
assessed Reynolds number Re � 8900, the order of magnitude of



5 10 15 20
−20

0

20

40

60

80

f [kHz]

L p [d
B

 S
PL

]

 phoneme /s/ (I)
 flow facility + replica (II)
 blowing + replica (III)

(a) Re ≈ 5300 (‘medium’)

5 10 15 20
−20

0

20

40

60

80

f [kHz]

L p [d
B

 S
PL

]

 phoneme /s/ (I)
 flow facility + replica (II)
 blowing + replica (III)

(b) Re ≈ 8900 (‘loud’)

Fig. 4. Illustration of acoustic spectra Lpðf Þ for all noise generation systems (Table 1) [full line (I), dashed line (II) and dotted full line (III)]: (a) Re � 5300 (‘medium’) and (b)
Re � 8900 (‘loud’).

ξ
[d

B
]

2000 4000 8000 16000
0

5

10

f
c
 [Hz]

 2800
 5300
 8900

(a) I versus II

ξ
[d

B
]

2000 4000 8000 16000
0

5

10

fc [Hz]

 2800
 5300
 8900

(b) III versus II

Fig. 5. Difference in acoustic energy as a function of octave band with centre frequency f c and Reynolds number Re (grey shaded legend) – 2800 (‘soft’), 5300 (‘medium’) and
8900 (‘loud’) – normalised by the total energy with noise generation system II taken as a reference (nðf cÞ): (a) phoneme /s/ utterance (I versus II). (b) Variation of method of air
supply (III versus II).

−4 −3.5 −3 −2.5 −2 −1.5 −1
0

10

20

30

40

A
d [d

B
]

S2 [dB/kHz]

 5300 (I)
 8900 (I)
 5300 (II)
 8900 (II)
 5300 (III)
 8900 (III)

(a) Re ≈ 5300 (�, ×, +), Re ≈ 8900 (�, ♦, �)

8 10 12 14 16 18 20
1.5

2

2.5

3

3.5

S 1 [d
B

/k
H

z]

fm [kHz]

 5300 (I)
 8900 (I)
 5300 (II)
 8900 (II)
 5300 (III)
 8900 (III)

(b) Re ≈ 5300 (�, ×, +), Re ≈ 8900 (�, ♦, �)

Fig. 6. Illustration of spectral parameters for all noise generation systems (Table 1) and Re � 5300 (‘medium’) [H (I), � (II), + (III)] and Re � 8900 (‘loud’) [/ (I), } (II), � (III)]:
(a) dynamic amplitude Ad as a function of negative spectral slope S2 and (b) positive spectral slope S1 as a function of peak frequency f m.

Table 2
Summary impact (increase%, decrease&, no influence!) of increasing Reynolds Re
number of spectral parameters for all noise generation systems given in Table 1 (I, II
and III).

Increasing Re

I II III

Ad % (110%) % (10%) % (2%)
S1 % (30%) & (12%) & (12%)
f m % (12%) % (25%) ! (0%)
S2 % (55%) & (12%) % (50%)
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the dynamic amplitude (Ad ¼ 34� 2 dB) is the same for all noise
generation systems (I, II and III). For phoneme /s/ (I), spectral
slopes increase with Reynolds number (>30% for S1 and > 55%

for S2) as observed for sustained phonemes /s/ [8]. This increase
of spectral slopes with Reynolds numbers is not observed when
air is supplied to a fixed geometry (II and III) (see e.g. S1 in
Table 2). Spectral peaks f m for the replica (II and III) occur in the
range 10 kHz up to 13 kHz (Fig. 6(b)), which is of the same order
of magnitude as the constriction and front-cavity resonances of
the reconstructed portion of the replica (Section 2.1). In the case
of phoneme /s/, the peak frequency (f m < 10 kHz) is lower than
observed with the replica (Fig. 6(b)) indicating a change in geome-
try compared to the reconstructed oral tract geometry. Moreover,
the sharp spectral peak (about 9 kHz in Fig. 4(b)) observed for pho-
neme /s/ at Re � 8900 suggests that whistling (Helmholtz reso-
nance) might interfere with fricative sibilant production. For
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phoneme /s/ (I), spectral slopes increase with Reynolds number
(>30% for S1 and > 55% for S2) as observed for sustained phonemes
/s/ [8]. This increase of spectral slopes with Reynolds number is not
always observed when air is supplied to a fixed geometry (II and
III) (see S1;2 in Table 2).

The current comparison of spectral features for phoneme /s/
and for noise generated with a replica suggests that the relation-
ship between loudness level and vocal tract geometry is not dual
(between Reynolds number and geometry), but more complex
since at least a triple relationship between Reynolds number, tur-
bulence intensity and geometry needs to be considered. Since tur-
bulence intensity and more in general upstream flow conditions is
currently not measured for human speakers, physical sibilant
speech screening using replicas with reconstructed portions seem
more appropriate for studies aiming understanding. At the same
time, current data suggest that the order of magnitude of spectral
features of phoneme /s/ can be reproduced using such a replica.
Therefore, physical sibilant speech screening can be a useful tool
for oral health care applications as well.

3.2. Flow visualisation

Flow visualisation was assessed for several Reynolds numbers
(2800 6 Re 6 8900). Instantaneous flow images in the near field
downstream from the replica are illustrated in Fig. 7.
Observations did not depend on Reynolds number. Flow in the
horizontal xz-plane (Fig. 7(a) and (b) taken from a position with
positive y-coordinate) is characterised by vortex formation and
the interaction of large coherent structures. The jet issuing down-
stream from the replica is either symmetrical with respect to the
Fig. 7. Illustration of flow visualisation images at Re � 5300 (‘medium’): (a and b) horizon
xy-plane, (e–h) transversal yz-plane at 1 mm downstream from the replica exit (Dx ¼ 1 m
xy-plane (Fig. 7(a)) or asymmetrical with respect to the xy-plane
(Fig. 7(b)) resulting in a sideways deflected jet. Visualisation of
the longitudinal xy-plane shows that the jet is asymmetrical with
respect to the horizontal xz-plane (Fig. 7(c)) with an angle deter-
mined by the replica’s geometry (Fig. 1). In addition, jet bifurcation
within the xy-plane (Fig. 7(b)) is observed to occur as well as flow
recirculation. Consequently, the flow field immediately down-
stream the replica is complex and highly three-dimensional. This
is further illustrated by visualisation of the flow field in the
transversal yz-plane at 1 mm (Fig. 7(e)–(h)) and 2 cm (Fig. 7(i)–
(l)) downstream from the replica exit. Indeed, jet deflection
(Fig. 7(h)), recirculation and axis switching (Fig. 7(j) compared to
Fig. 7(k)) are observed and contribute to a complex, rapidly chang-
ing and three-dimensional flow field. Experimentally gathered
[18,21,4], numerically simulated [17,2] or modelled [7,9,22] flow
field characteristics immediately downstream from simplified
geometries of the oral tract during sibilant fricative production
do not reflect the complexity of the visualised flow field using
the replica obtained with the reconstructed oral tract portion. At
current stage, it is not clear to what extent such a complex flow
field is realistic for a sustained phoneme /s/ uttered by a human
speaker. Moreover, the interaction of the vortex structures with
the replica outlet might provide an unrealistic contribution to
the radiated sound field [5,4].

4. Conclusion and discussion

The current study is preliminary since it is based on a single
speaker and a single rigid replica. Nevertheless, the following
observations are made based on (1) the comparison between
tal xz-plane taken from a position with positive y-coordinate. (c and d) longitudinal
m). (i–l) Transversal yz-plane at 2 cm downstream from the replica exit (Dx ¼ 2 cm).
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radiated acoustic spectra of noise generated by supplying air to the
replica and phoneme /s/ utterances and (2) flow visualisation
immediately downstream from the replica exit:

� For all assessed Reynolds numbers and for all noise generation
systems (either with the replica or from a human speaker) the
acoustic energy is situated at frequencies above the cut-on fre-
quency of the first non-plane mode (>3.5 kHz). Consequently,
higher order acoustic propagation modes potentially affect the
radiated sound field and need to be taken into account when
aiming sibilant sound screening either using replicas or using
human speakers.
� Spectral similarity between phoneme /s/ and noise generated

with the replica is most obvious for loudness instruction
(Re � 5300) for which the oral volume reconstruction is rea-
lised. The spectral match for frequencies up to 8 kHz illustrates
that such a replica can at least partially reproduce acoustic
spectra of the same speaker and hence might be useful for
speech screening applications, modelling or experimental stud-
ies in the frequency range below 8 kHz. Additional replicas
based on volume data obtained for a ‘soft’ and ‘loud’ loudness
instruction of the same speaker are of interest in order to under-
stand how acoustic radiated sound spectra are affected by a
potential change in oral tract shape.
� Noise generated with the replica is characterised by spectral fea-

tures (dynamic amplitude, spectral slopes and peak frequency) of
the same order of magnitude as observed for phoneme /s/. This
supports and encourages the use of volume oral tract reconstruc-
tion for speech screening applications. Nevertheless, the peak
frequency of phoneme /s/ is lower than the one observed with
the replica for all assessed Reynolds numbers. The decrease is
probably due to intra-speaker variability of the oral tract geome-
try between different phoneme /s/ utterances. Moreover, current
data show that spectra of phoneme /s/ can be influenced by addi-
tional noise sources such as whistling observed for the highest
assessed Reynolds number (Re � 8900). Moreover, the tendency
of spectral features as a function of Reynolds number is different
for noise produced with the replica as for phoneme /s/. This illus-
trates the interest to study flow parameters in combination with
a constant replica geometry.
� Spectral features depend on flow conditions upstream

(Reynolds number as well as turbulence intensity) from the
reconstructed portion of the replica. The upstream turbulence
intensity (method of air supply) influences the energy discrep-
ancy observed between the replica and phoneme /s/. The influ-
ence of upstream turbulence intensity is more pronounced for
the lowest assessed Reynolds number (Re � 2800). The
Reynolds dependence of spectral features (peak frequency and
negative spectral slope) is affected by the turbulence intensity
(method of air supply) as well. Therefore, current data provide
evidence that in order to perform physical speech screening it
is not sufficient to define a constant geometry based on volume
reconstruction and vary Reynolds number. In addition, a
detailed study of upstream flow conditions in relation to sibi-
lant sound production and radiated spectra using a replica with
constant geometry is needed. Such a study can also contribute
to criteria characterising upstream flow conditions relevant to
human sibilant fricative production since such a direct mea-
surement on a human subject is extremely difficult to achieve.
� The current study focused on the impact of turbulence intensity

on the spectral discrepancy between noise generated with a
replica and phoneme /s/. Flow visualisation immediately down-
stream from the replica suggests that future studies need to
account for different exit conditions (geometry, rigidity) as well
in order to consider the impact of the visualised highly three-di-
mensional flow field on noise production and radiation as well
as its relevance for phoneme /s/ uttered by human subjects.
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