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Abstract 

To clarify the individual differences of flow and sound 

characteristics of sibilant /s/, the large eddy simulation of 

compressible flow was applied to vocal tract geometries of five 

subjects pronouncing /s/. The vocal tract geometry was 

extracted by separately collecting images of digital dental casts 

and the vocal tract of /s/. The computational grids were 

constructed for each geometry, and flow and acoustic fields 

were predicted by the simulation. Results of the simulation 

showed that jet flow in the vocal tract was disturbed and 

fluctuated, and the sound source of /s/ was generated in 

different place for each subject. With an increment of the jet 

velocity, not only the overall sound amplitude but also the 

spectral mean was increased, indicating that the increment of 

the jet velocity contributes to the increase of amplitudes in a 

higher frequency range among different vocal tract geometries. 

Index Terms: speech production, large eddy simulation, 

sibilant fricatives 

1. Introduction 

Sibilant /s/ is pronounced by generating a turbulent jet flow in 

the front part of the vocal tract. The jet flow is generated by a 

constricted flow channel formed by a tongue tip and alveolar 

ridge. The generation mechanisms of sibilant /s/ have been 

investigated by several researchers by theoretically modeling 

the sound source in the simplified vocal tract [1-3]. In the 

modeling, the sound source was assumed to be generated when 

the jet flow impinged on the teeth obstacle [1-2] or when the jet 

passed through the gap between upper and lower teeth [3]. Then, 

by using cross-sectional areas of the vocal tract, the modeling 

captured the frequency characteristics of /s/. 

    In contrast to the theoretical modeling, the flow configuration 

in the vocal tract geometry of /s/ has been investigated by flow 

simulations. To simulate the jet flow and sound generation in 

the vocal tract, large eddy simulation (LES) of compressible 

flow was applied to the simplified geometry [4]. The LES of 

compressible flow enables to capture both the formation of 

small vortexes in the turbulent flow and propagation of the 

sound from the flow sources. Moreover, the LES was also 

applied to the realistic vocal tract geometry of /s/, and 

emergence of the sound source on a teeth surface was visualized 

[5]. However, these studies considered only a single geometry 

for each study, and effects of geometrical differences of 

individual vocal tracts on the flow and sound generation is still 

unclear.  

Therefore, in this study, we applied the LES for the vocal 

tract of five subjects obtained by magnetic resonance imaging 

(MRI) to clarify the effects of the geometrical differences of 

five subjects on the flow and acoustic characteristics of sibilant 

/s/. 

2. Method 

2.1. Vocal tract acquisition 

The vocal tract geometry of five subjects pronouncing /s/ 

without vowel context was obtained by MRI. The five subjects 

are male native Japanese speakers aged 22 to 26 years (mean: 

23.6). The images of the vocal tract were collected using 

MAGNETOM Prisma fit 3T (Siemens, Germany). Since the 

MRI cannot capture the tooth geometry while the subject is 

sustaining /s/, the digital tooth cast was separately collected by 

the MRI, and the cast was superimposed on the images of /s/ as 

described in [6]. The resolutions of the MRI for /s/ and the tooth 

cast are 0.5×0.5×2 mm and 0.25×0.25×1 mm, respectively. The 

obtained image of /s/ and vocal tract geometry were shown in 

Fig. 1. The geometry from glottis to pharynx was omitted to 

reduce computational costs of the simulation.  

 

Figure 1: MRI and extracted vocal tract geometry of /s/ 

(Subject A). 

1Toyohashi University of Technology, Japan 
2Osaka University Dental Hospital, Japan 

3Graduate School of Engineering Science, Osaka University, Japan 

Copyright © 2019 ISCA

INTERSPEECH 2019

September 15–19, 2019, Graz, Austria

http://dx.doi.org/10.21437/Interspeech.2019-1376131



2.2. Large eddy simulation 

To simulate the turbulent flow and sound generation in the 

vocal tract, the LES of compressible flow was applied to the 

geometries of five subjects. Governing equations of the LES are 

three-dimensional compressible Navier-Stokes equations and 

equation of state:  
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(4) 

where, �̅� is density，�̃�𝑖 is velocity components (i = 1, 2, 3)，
�̅�𝑖 = 𝜌𝑢̅̅̅̅ 𝑖 is momentum flux, �̅� is pressure, �̅� = 1 2⁄ |�̃�𝑖|2 + �̅� 

is the total energy, �̅� is the internal energy, and �̅� is temperature. 

The viscous stress tensor 𝜎𝑖𝑗 and the heat flux 𝑞𝑗 are calculated 

as 

 
𝜎𝑖𝑗 = 2�̅�(𝜈 + 𝜈SGS) (𝑠𝑖𝑗 −

1

3
𝛿𝑖𝑗𝑠𝑙𝑙), (5) 

 
𝑞𝑗 = −�̅�𝛾𝐶v(𝛼 + 𝛼SGS)
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with grid-scale (GS) kinematic viscosity, subgrid-scale (SGS) 

viscosity 𝜈SGS , GS thermal diffusivity  𝛼 , and SGS thermal 

diffusivity 𝛼SGS [7]. The strain rate tensor 𝑠𝑖𝑗  is calculated as 

𝑠𝑖𝑗 = 1 2⁄ (𝜕�̃�𝑖 𝜕𝑥𝑗⁄ + 𝜕�̃�𝑗 𝜕𝑥𝑖⁄ ). The gas constants 𝐶v  and 𝛾 

are determined from the values of air at atmospheric pressure 

and temperature 20 ℃. The equations were implemented and 

solved in the  finite volume software OpenFOAM 2.3.1 

(OpenCFD Ltd).  

To examine the sound source configuration in the flow field, 

the source term in Lighthill’s equation with low Mach number 

assumption [8] 

𝜓 =
𝜕2𝜌𝑢𝑖𝑢𝑗

𝜕𝑥𝑖𝜕𝑥𝑗
,                                 (7) 

was calculated with the air density 𝜌  and the velocity 

components 𝑢𝑖. 

2.3. Computational grids and boundary conditions 

In the extracted geometry of five subjects, the computational 

grids are constructed, and the density, the velocity components, 

the total energy, and the pressure are calculated at each grid 

point. The computational grids for the vocal tract of subject A 

are shown in Fig. 2. A far-field region with a length 110 mm in 

x1 direction was added in front of the lip to enable the sound 

propagation. The grid sizes in the region from the constriction 

to the lips were reduced to capture small vortexes of the jet flow. 

The total number of grid elements for each vocal tract is 

summarized in Table 1. 

Boundary conditions are depicted in Fig. 3. At the inlet of 

the vocal tract geometry, a uniform velocity was imposed to set 

the constant flow rate for each vocal tract. Since we could not 

measure the flow rate while the subjects were sustaining /s/ in 

the MRI machine, we used a general flow rate of /s/ 250 cm3/s 

[9]. Meanwhile, the flow rate of subject D was increased up to 

300 cm3/s since the sound amplitude was too small to compare 

with other subjects. The flow rates for five subjects are 

summarized in Table 1. For the vocal tract wall, no-slip and 

adiabatic boundaries were used. At the outlet, the no-reflection 

boundary condition was imposed to prevent artificial sound 

reflection from the outlet.  

The time step for the time integration was set to 1 × 10-7 s, 

and 13.2 × 104 iterations were performed. To evaluate acoustic 

characteristics of the predicted sounds, overall sound pressure 

level (OASPL) and the first spectral moment (spectral mean, 

M1) of the pressure at x1 = 100 mm from the lips were calculated 

by the discretized Fourier transform (DFT) with 256-point 

frames sampled at 100 kHz. 

 

Figure 2: Computational grids of subject A. 

Table 1: Total number of elements for computational 

grids and volume flow rate Q at the inlet.  

Subject 
Total number of 

elements (×106) 
Q (cm3/s) 

A 41.2 250 

B 35.2 250 

C 42.0 250 

D 39.4 300 

E 37.4 250 

 

 

Figure 3: Boundary conditions. 
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3. Results and Discussion 

Predicted instantaneous velocity fields on the sagittal plane of 

the vocal tract for subject A, B, C, D, and E are shown in Fig. 4 

(a), (b), (c), (d), and (e), respectively. The position of the 

sagittal plane is set at the centre of the maximum constriction 

for each subject. The velocity magnitude is normalized by the 

maximum mean velocity at the constriction.  

In the vocal tract of subject A, the jet flow directly 

impinged on the upper teeth. In subject B, the jet flow passed 

along a surface of the upper incisor and was disturbed at the gap 

between teeth. In subject C, the jet flow passed along the 

surface of the upper teeth and started fluctuating in a cavity 

between the upper teeth and the lower lip. In subject D, the jet 

flow directly impinged on the lower teeth and passed along the 

lower lip surface. In subject E, although the velocity magnitude 

started increasing at the constriction, the velocity reached the 

maximum at the gap between the tongue tip and the upper teeth. 

Although the flow configurations for five subjects were 

different, the formation of the maximum velocity by the tongue 

tip was consistent with the previous simulation [5] and 

experiment with a vocal tract replica [10]. 

Root mean square (RMS) values for time variation of the 

sound source  𝜓  on the sagittal plane are shown in Fig. 5. 

Although large amplitudes of the sound source appeared in a 

region from the front part of the constriction to the lip outlet for 

every subject, positions of the maximum amplitude of the 

source varied depending on the subject. The maximum source 

for subject A appeared on the lower lip surface, whereas the 

maximum for subject B and C appeared in the space behind the 

upper teeth. The maximum source for subject D appeared at a 

gap between the lower teeth and the upper palate, whereas the 

maximum for subject E appeared at the tip of the upper teeth. 

The main source generation with the impingement on teeth for 

subject C and D agreed with the modeling of [1-2], whereas the 

source generation at the gap between teeth for subject A and B 

agreed with the modeling of [3]. In contrast, the main source 

generation with the jet impingement on the lower lip surface 

was firstly observed in subject E. 

The maximum amplitude of the sound source was plotted 

with the maximum mean velocity at the constriction for each 

subject in Fig. 6 (a). With an increment of the velocity at the 

constriction, the amplitude of the sound source increased except 

for subject A. This result suggests that the vocal tract of subject 

A has a more winding flow channel than the other subjects, and 

the flow was largely disturbed by the vocal tract surfaces. The 

OASPL and the spectral mean M1 of predicted sound spectrum 

were plotted with the maximum mean velocity in Fig. 6 (b) and 

(c), respectively. The bar shows the mean and standard 

deviation for seven frames of the DFT. With the increment of 

the velocity at the constriction, not only the OASPL but also M1 

was increased. These results suggest that with the increment of 

the velocity, the amplitude of flow source in higher frequency 

range was increased as predicted in [11], and both the OASPL 

and M1 were increased among different vocal tract geometries. 

Note that the first characteristic peak of /s/ appeared at 6.0, 4.8, 

5.6, 3.9, and 6.9 kHz for subject A, B, C, D, and E, respectively, 

and these values agreed well with those of sustained /s/ 

recorded with subjects in seated position (without vowel 

context). 

With the simulation for five subjects, we could observe the 

relationship between the flow and acoustic characteristics for 

each subject. For further clarification of the cause of the  

 

Figure 4: Velocity magnitude in the vocal tract of 

subject A (a), B (b), C (c), D (d), and E (e). 
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Figure 5: RMS values of sound source 𝜓 in the vocal 

tract of subject A (a), B (b), C (c), D (d), and E (e). 

 

Figure 6: The maximum amplitude of sound source, 

OASPL, and M1 vs. the maximum mean velocity at the 

constriction. 

individual differences, it is desirable to analyse the vocal tract 

geometry with the simplified model considering three-

dimensional vocal tract geometry [12]. 

4. Conclusion 

In this study, the LES of compressible flow was applied to the 

vocal tract geometry of five subjects extracted from MRI, in 

order to investigate the individual differences of flow and sound 

generation of sibilant /s/. We observed the differences of flow 

and its source configuration in each subject. For the five 

subjects, the both OASPL and M1 were increased with the 

increment of the flow velocity at the constriction and the source 

amplitude downstream from the constriction. 
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