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Abstract 
    The sibilant fricatives are speech sounds that are produced by a turbulent jet flow in the 

vocal tract. The aeroacoustic mechanisms of sibilant fricative production were studied in the 

context of three domains: mechanical replicas, theoretical modeling, and numerical simulations. 

To study the relationship between the vocal tract geometry and acoustic properties of generated 

sound, realistic and simplified replicas were constructed using medical images of a Japanese 

speaker pronouncing the sibilant fricatives. With the realistic replica of sibilant /s/, effects of lip 

horn on distribution patterns of the generated sound were investigated. Results showed that the 

lip horn enhances the pressure amplitude at the center of the lips in both transverse and sagittal 

plane. 

    The essential geometric factors which generate the acoustic properties of sibilant fricatives 

were investigated by constructing the simplified vocal tract replicas. Cross-sectional areas and 

vertical heights at five positions in the vocal tract were used to form a rectangular flow channel. 

In addition, dimensions of a simplified tongue replica were modified in accordance with the 

medical images. The experimental measurements revealed that the spectral difference between 

the Japanese fricatives /s/ and /ʃ/ was reproduced by changing the position, tip shape, and 

constriction width of the tongue replica. 

    The multimodal acoustic theory was applied to the simplified vocal tract geometry to 

investigate the acoustic properties of the sibilant fricatives. In the modeling, a sound source was 

placed either at the inlet of the vocal tract or downstream from the tongue constriction. The 

modeled pressure amplitude was validated experimentally using a compression driver or airflow 

supply at the vocal tract inlet. Results showed that the predicted spectrum captured the spectrum 

measured with both the acoustic driver and the flow supply. By positioning the source near the 

upper teeth wall, higher frequency peaks observed for the Japanese speaker were predicted with 

the inclusion of higher-order modes. At the frequencies of the characteristic peaks, nodes and 

antinodes of the pressure amplitude were observed in the vocal tract when the source was placed 

downstream from the constriction. 

     The large-eddy simulations were applied to both realistic and simplified replicas in order 

to investigate the relationship between the flow configuration and generated sound. The 

numerical simulations revealed that the jet flow generated from the constriction impinged on the 

upper teeth wall and caused the main sound source upstream and downstream from the gap 

between teeth. While magnitudes of the sound source decreased with increments of the 

frequency, amplitudes of the pressure downstream from the constriction increased at the peak 

frequencies of the corresponding tongue position. These results indicate that the sound pressures 

at the peak frequencies increased by acoustic resonance in the channel downstream from the 

constriction, and the different frequency characteristics between /s/ and /ʃ/ were produced by 

changing the constriction and the acoustic node positions inside the vocal tract. 

    The investigation in three domains enabled to analyze the aeroacoustic mechanisms, i.e. 

the relationship among the vocal tract geometry, the source generation from the jet flow, and the 

acoustic resonance properties. Further understanding of speech production can be expected by 

applying these methodologies on other subjects using other languages as well as the 

co-articulation of fricative consonants in word contexts.    
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Chapter 1. Introduction and Literature Review  

1.1 Introduction 
   Speech production is one of the most important roles of human species, and only 

human can frame a sentence and communicate through the speech production. In the 

speech production, generated sounds are classified as vowels and consonants. For the 

vowel sound, the vocal tract is in relatively open configuration and the sound source is 

mainly generated by the vibration of vocal folds in a glottis. In contrast to the vowel 

sounds, the vocal tract of consonants is relatively closed and the sound source is generated 

by turbulent flow in the constricted channel of the vocal tract (Stevens, 1998). The 

consonants are classified by the manner of sound production (e.g., nasal, stop, and fricative 

consonants) and place of articulation (e.g., labial, sibilant, glottal fricatives). The fricative 

consonants are sounds generated by the turbulent flow at a narrow constriction downstream 

from the vocal fold, e.g. /f/, /s/, and /h/. The sibilant fricatives are sounds generated by 

forming the constriction between the tongue and hard palate, and mainly divided into two 

kinds of phonemes: /s/ with the constriction at the alveolar ridge; and /ʃ/ with the 

constriction at posterior position to /s/ (Fig. 1.1), in English, Japanese and other languages. 

The typical frequency spectra of sustained Japanese sibilant fricatives /s/ and /ʃ/ are shown 

in Fig. 1.2. The sibilant fricatives are generally characterized as broadband noise in the 

frequency range above the characteristic peak, about 4-7 kHz for /s/ and 2-3 kHz for /ʃ/ 

(see the Appendix A for more examples). In addition, above consonants are classified to 

voiced and voiceless consonants. In the voiced consonants, the sound source is additionally 

generated at the vocal fold as well as the turbulent flow at the constriction, e.g. /z/, /ʒ/.  

   The speech production mechanisms have been investigated by using acoustic theories. 

Fant (1960), Heinz and Stevens (1961) firstly described the frequency characteristics of 

vowels and consonants by using the acoustic source-filter theory. The filter function was 

derived from the vocal tract geometry measured by X-ray images, and frequency 

characteristics of vowels were obtained by multiplying the filter to the source spectrum of 

the vocal folds or flow noise. Moreover, the acoustic properties of fricative consonants 

were estimated by modeling the vibrating spoiler in a tube (Stevens, 1971). The detailed 

acoustics of fricative consonants were described by Shadle (1985) conducting the 

mechanical experiment of the simplified vocal tract replicas. She simplified the vocal tract 

geometry by using a constricted channel and obstacle in a cylinder, and explained the 

difference of acoustic characteristics of fricatives by changing the position and size of the 

constriction and obstacle. From the knowledge of the acoustic mechanisms for the 

fricatives, classification of the fricatives based on the sound measurement was obtained 

(Jesus and Shadle, 2002), and this classification is used for the recent technology of speech 

recognition (e.g. Patgiri et al., 2013).  

   The acoustic properties of the sibilant fricatives have been also widely discussed in the 

field of phonetics. The differences of the tongue movement and acoustic characteristics 

during the word pronunciation have been discussed (Shadle and Scully, 1995; Iskarous, et 

al., 2011). In addition, acoustic differences of sibilant fricatives among different languages 
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have been investigated by several researches. Badin (1991) reported the spectra of 

sustained fricative consonants pronounced by male French and female English speaker. 

Reidy (2016) investigated the acoustic difference of English and Japanese sibilant 

fricatives /s/ and /ʃ/ in word pronunciation. Moreover, in the field of neurology and 

phonetics, Perkell et al., (1979) argued that the acoustic distinctness between /s/ and /ʃ/ is 

related to the speaker’s auditory discrimination. Their group has also investigated the 

relationship among speech motor control, somatosensory function, auditory feedback, and 

brain model using the sibilant fricative production (Perkell, 2012).   

   From the view point of physics and fluid dynamics, the sibilant fricatives have 

complicated phenomena in the vocal tract. Since the fricative sounds are generated by the 

turbulent flow in the vocal tract, it is important to examine how the sound source is 

generated and how the sound propagates from the source. In addition, to understand the 

sibilant fricative production in the word context, we need to consider the movement of 

tongue and jaws. In order to predict the flow configuration and the source distribution in 

the vocal tract geometry, Nozaki et al. (2005) applied the turbulent flow simulation to the 

vocal tract geometry obtained by the medical images. In addition, several flow simulations 

have been applied to the simplified vocal tract geometry (Ramsay and Shadle, 2006; Van 

Hirtum et al., 2010). In contrast to the numerical simulation, Howe and McGowan (2005) 

applied the aeroacoustic theory to a quasi-one-dimensional simplified vocal tract model 

and predicted the far-field sound spectrum of /s/. 

   As described above, many scientific fields including acoustics, flow dynamics, 

phonetics, and neurolinguistics have been focused on the sibilant fricative production. 

However, there are still unclear points on the aeroacoustic mechanisms of the sibilant 

fricatives. Therefore, the target is focused on the sibilant fricatives in this thesis. Before 

addressing the problem, the recent studies are reviewed in more detail below. 

 
Fig. 1.1 Mid-sagittal plane of vocal tract geometry pronouncing /ʃ/. 
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Fig. 1.2 Typical frequency spectra of voiceless sibilant fricatives /s/ and /ʃ/.  

 

 

1.2 Literature Review 

1.2.1 Recent Study of Sibilant Fricative Production 

   In recent years, vocal tract geometry of sibilant fricatives has been measured by using 

X-ray or Magnetic Resonance Imaging (MRI), and the production mechanisms have been 

investigated by using those imaging techniques. Narayanan et al., (1995) measured the 

vocal tract geometry of fricative consonants using the MRI, and reported the area functions 

which can be used to estimate the transfer function of acoustic modeling (Narayanan and 

Alwan, 2000). Toda and Honda (2003) measured the front cavity area and defined the 

palatalization index based on the nasal spine and tongue surface in the MRI. By using the 

index, they distinguished the vocal tract geometries /s/ and /ʃ/. With Wisconsin X-ray 

Microbeam (XRMB) database (Westbury, 1994) which contains the movement of the 

tongue, jaw, and lips, and simultaneously recorded acoustic output, Iskarous et al., (2011) 

analyzed effects of the tongue and jaw movement on the production of /s/. Meanwhile, by 

using the X-ray cone-beam computed tomography (CT) images of sustained /s/, Nozaki et 

al., (2014) constructed the vocal tract replica of /s/ and measured the flow velocity and 

sound generated by the replica with a flow supply.  

   In addition to the X-ray and MRI, several methods have been proposed to measure the 

vocal tract geometry while subjects are pronouncing the sibilant fricatives. Wood et al., 

(2009) used an electro-palatogrphy (EPG) to measure the area of the tongue surface 

attaching on the hard palate. Zharkova (2016) measured the tongue shape of /s/ and /ʃ/ 

using the ultrasound imaging. By comparing the tongue shape and simultaneously 

measured sound of adults and preadolescent children, she found that the difference 

between the adults and children occurs in consonant-vowel boundaries.  

   By using X-ray CT scan, the detailed three-dimensional (3D) geometry can be obtained 

in short amount of time. However, usage of CT scan is limited because of exposure to the 

nuclear radiation. Meanwhile, detailed 3D geometry can be also obtained by MRI, 

although it takes longer time than CT scan, and the teeth geometry has to be additionally 

obtained by taking another scan for teeth geometry (Takemoto et al., 2004). By using the 

ultrasound, the mid-sagittal tongue surface can be measured with high frequency rate. 
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However, it is difficult to obtain the 3D shape including the hard palate and teeth by using 

the ultrasound. Therefore, it is important to choose the techniques depending on the kind of 

information we want to obtain from the measurement.   

   In the field of phonetics, the fricative production mechanisms have been investigated 

by obtaining various spectral parameters from the recorded sounds. Jongman et al., (2000) 

measured the spectral peak location and spectral moments, and showed that the four 

fricatives /f/, /ɵ/, /s/, and /ʃ/ can be distinguished by using those parameters. Based on the 

knowledge obtained by the simplified vocal tract model, Jesus and Shadle (2002) measured 

the slope values of line fit to the spectrum to distinguish the fricatives /f/, /s/, and /ʃ/. By 

using the parameters, the recorded sounds were classified for four Portuguese speakers. 

Meanwhile, Haley et al., (2010) used the spectral mean and skewness (first and second 

spectral moments) to distinguish two sibilants /s/ and /ʃ/ for ten participants, and showed 

that only the spectral mean distinguished two phonemes in individual speaker. Reidy 

(2016) introduced the ERB number which is a frequency scale in psychoacoustics, and 

divided the sibilant fricatives /s/ and /ʃ/ for temporal variation in both English and 

Japanesse. To find the cause of these parametrical changes, it is necessary to focus on the 

physical phenomena in the vocal tract which produce the frequency characteristics of the 

fricatives. Although the simple acoustic analysis has been done by Toda and Maeda (2006) 

to identify the vocal tract geometry which causes the characteristic spectral peak, it is still 

unclear how the overall frequency characteristics are produced by the turbulent flow source 

in the vocal tract. 

   In the field of acoustics, the influence of higher order modes, which considers the 

propagation of 3D modes, has been recently discussed. Blandin et al. (2015) applied 

multimodal theory to vocal tract geometries of vowels, and showed the influence of 

higher-order modes on spectral amplitudes above 4.5 kHz. Motoki et al. (2000) and Motoki 

(2013) applied multimodal theory to a simplified vocal tract geometry of /ʃ/ to investigate 

the influence of geometrical changes on the transfer function of the vocal tract. However, 

the characteristic spectrum peak of /ʃ/ lacked from the modeled transfer function because 

the sound source was located at the inlet of the vocal tract. Meanwhile, Blandin et al., 

(2016) used the multimodal theory to investigate the cause of speech directivity pattern 

reported by the measurement conducted on the normal speaker and singer (Cabrera et al., 

2011; Monson et al., 2012). Because the sibilant fricatives are characterized by the 

acoustic energy in higher frequency range than those of vowels, the higher-order modes 

may affect perceptually-significant spectral features of fricatives compared to the vowels. 

Therefore, it is desirable to investigate the influence of higher-order modes on the spectral 

characteristics as well as the radiated pressure pattern outside of the vocal tract for the 

sibilant fricatives. 

   In the field of neurolinguistics, effects of acoustic feedbacks (i.e. speech recognition) 

on the tongue movement, constriction formation, and generated sound characteristics have 

been investigated. Perkell et al., (2004) conducted experiments with a contact sensor on the 

posterior surface of the lower teeth, and measured the speaker’s tongue position, generated 

sound and ability of auditory discrimination between /s/ and /ʃ/. Their results indicate that 

differences in degree of acoustic contrast between /s/ and /ʃ/ were related to differences in 
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their use of tongue contact and in their discriminative performance. Shiller et al., (2009) 

conducted the experiment with the auditory feedback manipulation synthesizing the 

fricative sound from /s/ to /ʃ/, and found that the synthesized auditory feedback alter the 

speaker’s motor control and acoustic boundaries between /s/ to /ʃ/. In addition, Ghosh et al., 

(2010) investigated the relationship between the auditory acuity, somatosensory acuity, and 

magnitudes of the acoustic contrast between sibilant fricatives /s/ to /ʃ/ by using plastic 

dome sensors. Their results also showed that the auditory and somatosensory goals are 

related to the sibilant fricative production. Moreover, in order to investigate the tongue 

movement mechanisms, biomechanical models of tongue muscle fibers have been 

proposed (Buchaillard et al., 2009; Stavness et al., 2012). The relationship between the 

auditory feedback and tongue movement was investigated by constructing a Bayesian 

model using the biomechanical model and acoustic analysis (Patri et al., 2015). 

 

1.2.2 Vocal Tract Models for Sibilant Fricatives 

   The production mechanisms of sibilant fricatives have been studied by many 

researchers using simplified and realistic vocal tract models. The vocal tract models are 

summarized in Fig. 1.3. Firstly, simplified models have been proposed by Stevens (1971) 

and Shadle (1985) with a constricted channel and obstacle in a tube. With their models, the 

frequency characteristics of sibilant fricatives, which consist of broad band noise with a 

characteristic peak in the frequency range 2 to 5 kHz, were reproduced by assuming the 

broad band noise source at the constriction in the simple tube. In addition, Shadle (1985) 

experimentally demonstrated that the position of the constriction affects the frequency 

characteristics of the sound, which form the differences between sibilant fricatives /s/ and 

/ʃ/. Motoki et al., (2000) proposed a 36-section acoustic model using rectangular channels 

and cross-sectional areas measured by MRI of a subject pronouncing /ʃ/, and investigated 

effects of the vocal tract geometry on the pressure distribution and transfer function. Howe 

and McGowan (2005) pointed out the importance of the source position and assumed that 

the monopole source is generated by the turbulent boundary layer at the gap between upper 

and lower teeth. They proposed a quasi-one-dimensional model considering the capacity of 

a back cavity, a constriction, a lower mouth cavity, and a lip cavity, and theoretically 

showed that the broadband noise of English /s/ with a characteristic peak at 4 kHz can be 

produced by assuming the sound source at the gap between the teeth. Meanwhile, by using 

one-dimensional (1D) acoustic model, Toda and Maeda (2006) investigated effects of 

constriction length and front cavity length on the characteristic peak frequency of the 

sibilant fricatives. Moreover, several simplified vocal tract models of sibilant fricatives 

have been proposed to investigate the flow and acoustic properties inside the vocal tract by 

using the experimental measurement and 1D flow theory (Shadle et al., 2008; Van Hirtum 

et al., 2011). 

   In addition to the acoustic models, complex flow dynamics in the sound generation for 

the vocal tract of the sibilant fricatives have been investigated using incompressible flow 

simulation. Ramsay and Shadle (2006) applied the flow simulation on the simplified vocal 

tract model and investigated influence of the constriction position on the flow 
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configuration inside the vocal tract. Cisonni et al., (2011) and Cisonni et al., (2013) 

examined the effect of the vocal tract geometry on the magnitude of the sound source 

generated around the teeth-shaped obstacle by calculating Powell sound source (Powell, 

1964). Nozaki et al., (2012) investigated the effect of expiratory flow rate on the 

magnitude of the sound source generated in Shadle’s simplified model. Although the 

magnitude of the sound source was calculated in their flow simulation, the acoustic 

characteristics of sound propagating from the predicted sound source have not been 

examined yet. Therefore, it is desirable to investigate the effect of the source distribution 

on properties of the propagating sound.  

   In contrast to the simplified models, Nozaki et al., (2005) and Nozaki (2010) 

constructed a realistic vocal tract geometry using CT images of a Japanese subject 

pronouncing /s/, and applied the incompressible flow simulation. Their simulation showed 

that the sound source mainly arises near the lower teeth surface. Meanwhile, Toda et al., 

(2003) conducted the finite element acoustic simulation on the realistic vocal tract 

geometry of sibilant fricatives with dipole sound source at the gap between teeth. Nozaki et 

al., (2014) constructed a realistic replica of the subject’s vocal tract by using the CT images 

and a 3D printer. The separately printed parts of the throat, tongue, upper and lower jaws, 

and lips were assembled to construct the replica of /s/. The velocity at five positions from 

throat, constriction, space behind the upper teeth, gap between teeth, and lips was 

measured by inserting the tip of anemometer in a hole of the replica. The experimental 

measurements using the anemometer and a microphone demonstrated that the replica 

reproduced the frequency characteristics of /s/ articulated by the subject up to 15 kHz 

accompanied by large fluctuations of the flow at points behind the upper front teeth and the 

gap between the upper and lower teeth. These results indicated that the jet flow needs to 

spread and disturb in the space downstream from the constriction before impingement on 

the teeth in order to create the sound close to the actual fricative /s/ produced by the subject. 

However, since these phenomena were observed only with this subject’s /s/, it is needed to 

examine the effects of geometrical changes, e.g. /s/ and /ʃ/, on generated flow and sound, 

and explore the essential cause of the frequency characteristics of sibilant fricative 

production. 
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Fig 1.3 Examples of vocal tract models of sibilant fricatives. 

 

1.2.3 Aeroacoustic Sound Generation 

   The sound source of fricative sounds is generated by the turbulent jet flow issued by 

the constriction in the vocal tract. In order to understand the aeroacoustic mechanisms of 

sibilant fricative production, it is necessary to examine how the sound source is generated 

by velocity fluctuations in the flow field of the vocal tract. 

   The theory of aeroacoustic sound was firstly introduced by Lighthill (1952). He 

described the sound source with three types of configuration: a monopole source; a dipole 

source; and a quadrupole source depending on the source generation mechanisms. In 

Lighthill’s analogy, the fluctuation of mass flux at a point produces the monopole source, 

the fluctuation of external force vector produces the dipole source, and the fluctuation of 

stress tensor produces the quadrupole source which is known as Lighthill’s sound source. 

With dimensional analysis, he showed that the total sound power generated by the 

monopole source increases with the fourth power of the flow velocity u
4
, the dipole source 

increases with sixth power u
6
, and the quadrupole increases with eighth power u

8
. From the 

Lighthill’s theory, Powell (1964) introduced the sound source using vorticity of the 

vortexes generated in the flow field. Then, Howe (2003) applied the theoretical analysis on 

various problems of aeroacoustic sound including sibilant /s/ (Howe and McGowan, 2005). 

   The aeroacoustic sound generation mechanisms have been also investigated by using 

computational fluid dynamics (CFD). Since the sibilant fricatives are known to be 

generated in the flow field of high Reynolds number (Re = uh/ν, where u is flow velocity, 

h is the characteristic length, and ν is kinematic viscosity) and low Mach number (Ma = u/c, 
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where c is speed of sound), the methodology is divided mainly in two ways: direct method 

and coupling method. In direct method, both flow and sound are directly calculated by 

solving the three-dimensional compressible Navier-Stokes Equations. In addition, the 

turbulent flow field is estimated by the Large-eddy simulation (LES) when the 

computational grid size is not sufficient to capture the smallest vortexes. The LES 

considers variables only on the computational grids, and turbulent vortexes in a scale 

smaller than the grid scale are modeled by subgrid-scale (SGS) model. Gloerfelt and Lafon 

(2008) conducted the direct numerical simulation of turbulent flow and sound passing 

through a diaphragm in a tube. Yokoyama et al., (2015) analyzed the fluid-acoustic 

interactions in a recorder by using the direct method and computational grids constructed 

from an actual recorder. In their simulation, the turbulent flow was calculated by explicitly 

filtering the flow field with a spatial filter, and artificial viscosity was added as the SGS 

model and numerical stabilizer. With the direct method, the sound generated by the flow 

can be observed including the acoustic resonance in a flow channel and the acoustic 

feedback on the flow field. However, the computational cost is higher than the coupling 

method because the time step of the simulation becomes relatively small in order to 

calculate the sound propagation with the speed of sound. To solve the problem of the 

computational cost, the coupling method has been proposed. In the coupling method, the 

flow and acoustic fields are calculated separately by using incompressible Navier-Stokes 

Equations and wave equation. Kato et al., (2007) applied the coupling method on several 

engineering product in order to predict the noise level of sound generated by low Mach 

number flow. They numerically solved Lighthill-Curle’s equation (Curle, 1955) or tailored 

Green’s function (Howe, 2003) from the sound source obtained by the flow fields of the 

incompressible flow simulation. Oberai et al., (2000) proposed a methodology to solve the 

structural-acoustic interaction (i.e. sound propagation around the ridged or elastic walls) by 

solving the Lighthill’s equation using the sound source obtained from the flow simulation. 

However, the coupling method cannot be used to deal with the fluid-acoustic interaction of 

the flow induced sound. 

   In those simulations, the numerical errors often occur from several causes including 

quality of computational grids, discretization accuracy, and choice of the SGS model. 

Therefore it is important to confirm that the estimated flow and acoustic fields have 

enough accuracy in the frequency range of speech sound, by conducting the experimental 

validation.  
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1.3 Aim and Outline of the Thesis 

   The literature reviewed above show that experimental and computational (including 

theoretical analysis and numerical simulation) analyses have been applied to the sibilant 

fricative production. Each of these methodologies offers a different type of explanation and 

insight for the production mechanisms and has a different type of limitation. Firstly, since 

the theoretical analysis has a merit in low computational costs, it is easier to investigate the 

effects of geometrical changes on the generated sound. Meanwhile, since it has a difficulty 

to apply the theoretical analysis on the complicated geometry, only the simplified vocal 

tract geometries have been used on the analysis. Secondly, the experimental measurements 

enable to investigate the flow and acoustic properties in the complicated geometry as well 

as to examine the effects of the geometrical changes in the simplified models. However, 

there is a limitation for the amount of information available in the experiment, especially 

information of the flow fields in the vocal tract. Although the hot-wire anemometer enables 

to measure the velocity fluctuation at a point, it is difficult to measure the velocity 

distribution in the entire vocal tract geometry. Meanwhile, particle image velocimetry 

(PIV) enables to measure the velocity distribution in the vocal tract (Geoghegan et al., 

2012), although it is difficult to obtain the velocity fluctuation in the high frequency rage 

which causes the frequency characteristics of the sibilant fricatives. Finally, the numerical 

simulation enables to observe the flow and acoustic fields which cannot be obtained in the 

experimental measurement. In addition, the simulation can be applied on both simplified 

and realistic vocal tract geometry. Meanwhile, it takes huge computational costs to 

simulate a short amount of time in the simulation. In addition, for both theoretical analysis 

and numerical simulation, it is necessary to validate the computational accuracy with the 

experiment. 

   Following the merits and limitations of those methodologies, we conducted all three 

methods to clarify the aeroacoustic mechanisms of sibilant fricative production. Firstly, in 

Ch. 2, we conducted the experimental measurement on the realistic and simplified vocal 

tract geometries. Based on the measurement of the realistic vocal tract replica, we 

proposed a novel simplified geometry to describe the cause of the characteristic spectral 

peaks of /s/ and /ʃ/ observed in the subject of medical images. In addition, we conducted 

the directivity measurement on the realistic replica with and without lips, and investigated 

the effects of lip horn on the propagation pattern of the sibilant fricatives. 

   By using the proposed simplified vocal tract geometry, we conducted the theoretical 

analysis using multimodal acoustic theory in Ch. 3. The multimodal modeling enables to 

capture the 3D acoustic modes emerging in the vocal tract for the high frequency pressure 

distribution. Thus, we examined the effects of the higher order modes on the far-field 

sound spectrum of the sibilant fricatives. In addition, effects of the source positions on the 

frequency characteristics of generated sounds were investigated in the theoretical 

modeling. 

   In Ch. 4, the numerical simulations of both direct and coupling method were applied on 

the simplified and realistic vocal tract geometry. In the coupling method, LES of 

incompressible flow and acoustic analysis were conducted on the simplified geometry. In 
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the direct method, LES of compressible flow was applied for both simplified and realistic 

vocal tract geometry. The computational accuracy was validated by the experimental 

measurement. Then, using the validated results, the source generation mechanisms inside 

the vocal tract as well as the cause of the frequency characteristics of sibilant fricatives 

were examined.  

   Through the three kinds of methodologies on the realistic and simplified vocal tract 

geometries, we will be in a position to answer the final question. What are the aeroacoustic 

mechanisms of sibilant fricative production? We can find the answer from the comparison 

of the results in the experimental, theoretical and numerical analysis on the simplified and 

realistic vocal tract geometries. The conclusion of results, discussion of the question, and 

perspectives for future works are presented in Ch. 5. 

   Figure 1.4 shows the nomenclature list unifying the different names used in different 

chapters for anatomical parts, main planes, and their orientation on the vocal tract of /s/.  

 

 
Fig. 1.4 Nomenclature list for anatomical parts, main planes, and their orientation in this 

thesis. 
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Chapter 2. Experimental Analysis using Simplified and 

Realistic Replicas 
  

   In this chapter, effects of the vocal tract geometry on the acoustic properties of the 

sibilant fricatives were investigated by the experimental measurement using the realistic 

and simplified vocal tract replicas. The both realistic and simplified replicas were 

constructed based on the medical images of a male Japanese subject pronouncing /s/ or /ʃ/. 

The realistic replica was constructed in the same way as the sibilant /s/ replica proposed by 

Nozaki et al., (2014). Then, effects of the lip horn on the far-field sound spectrum as well 

as the directivity pattern of sibilant /s/ were examined. Moreover, in order to explore the 

essential vocal tract geometry to pronounce the sibilant fricatives, the simplified vocal tract 

replicas were constructed based on the knowledge obtained by the realistic replica. 

Through the construction of the simplified replica, we clarify the fundamental factors to 

produce the sibilant fricatives /s/ and /ʃ/. In addition, further investigation on the acoustic 

and flow phenomena is expected for the computational analysis. 

 

2.1 Method 

2.1.1 Realistic Replica 

   The vocal tract geometry was reconstructed from the CT images of a 32-year-old 

Japanese male subject with normal dentition (Angle Class I) without any speech disorder 

(self-report). During CT imaging, 512 sagittal slices of 512 × 512 pixels (isotropic 0.1 × 

0.1 × 0.1 mm voxels) were obtained while the subject sustained the sibilant /s/ for 9.6 s in a 

seated position. There is no vowel context for the sustained /s/. 

   The replica consisted of a pharynx, upper and lower jaws, a tongue, and lips. The upper 

and lower jaws were produced using rapid prototyping (Zprinter, 3D systems; accuracy: 

±0.1 mm). The pharynx, tongue, and lips were made of silicone resin (Wave Silicone, 

Wave Corp.). The lips were firmly attached to the upper and lower jaws so that there was 

no gap between jaws and lips. The inlet of the pharynx in the replica was positioned just 

above the base of the subject's epiglottis. The dimensions of the maximum constriction in 

the coronal plane are 8 mm by 1.25 mm. The distance between the constriction and tip of 

the upper teeth is 8 mm. It has been confirmed that this replica reproduced the subject's 

sibilant /s/ in the frequency range from 3 to 15 kHz (Nozaki et al., 2014). 

   A rectangular baffle was placed on the jaws or lips, as shown in Fig. 2.1 to mimic the 

face. For the replica with lips, the baffle was positioned at the point where the lower and 

upper lips joined. For the replica without lips, the baffle was positioned at the same 

position as when the lips were present. The space between the baffle and canine teeth or 

lips was filled with modeling clay. The size of the baffle was changed depending on the 

measurement distance. The maximum aperture along the sagittal z-direction between the 

upper and lower lips was 5 mm. The largest aperture along the transverse y-dimension of 

the lip opening was 27 mm. For the case without lips, the largest aperture of the front teeth 

along the y-dimension was also 27 mm. The vocal tract length along the tongue surface 

(109 mm) was increased by 13 mm with the lower lip and by 12.5 mm with the upper lip. 
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Fig. 2.1 Realistic replica with a rectangular baffle without lips (a) and with lips (b). 

 

2.1.2 Simplified Replica 

   In this study, we explore the subject-specific simplified vocal tract geometry for 

Japanese sibilant fricatives /s/ and /ʃ/. The simplified vocal tract proposed by Howe and 

McGowan (2005) produced the similar frequency characteristics of English sibilant /s/. 

Based on the Howe’s model, a novel simplified geometry was constructed in accordance 

with the knowledge obtained from the realistic replica (Nozaki et al., 2014). Howe’s model 

consisted of four cavities: throat, constriction, lower mouth cavity, and lip cavity. Thus, we 

proposed a model consists of a tongue, alveolar ridge, upper and lower teeth in a 

rectangular duct to form the four cavities. Schematic of the simplified model is depicted in 

Fig. 2.2.  

   The dimensions of the main duct were determined from the vertical height and 

transverse length of the subject’s lip cavity (8 × 25 mm). Widths of the upper and lower 

teeth were set to 1 mm and the gap between the teeth was fixed to 1 mm. The heights of 

both teeth were 4 mm, while the upper teeth do not overlap the lower teeth. The alveolar 

ridge plate with a thickness of 1 mm was placed at the posterior position of the upper teeth. 

In order to form the constriction and cavity behind the upper teeth, the tongue model, 

which has a groove on the top, and tip at the front, was positioned between the back cavity 

and the teeth. Although the lower mouth cavity between the tongue blade and lower teeth 

was considered in Howe’s model for the production of /s/, the lower mouth cavity was not 

observed for this subject. Therefore, the tongue tip was designed to fill up the cavity when 

the tongue model was positioned at the forefront in the vocal tract for /s/. The size of the 

groove and tip was changed in order to explore the difference between /s/ and /ʃ/. Since the 

main duct is straight from the back cavity to lip cavity, the tongue replica is movable so 

that we can examine the effect of tongue position on the acoustic properties of sound 

generated by the replica. At the outlet of the replica, a baffle (350 × 350 mm) was set to 

mimic a face. 
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Fig. 2.2 Simplified vocal tract replica. Unit of the dimensions is mm. 

 

 In order to compare the vocal tract geometry of /s/ and /ʃ/, mid-sagittal images and 

coronal images of a 42-year-old male Japanese subject’s vocal tract while pronouncing /s/ 

and /ʃ/ were measured by a 320-row Area Detector CT (20 fps; 320 slices of 512 × 512 

pixels; 0.488 × 0.488 × 0.5 mm voxels, Tohshiba medical systems corporation, Ibaraki, 

Japan). The measured images are shown in Fig. 2.3 (a). The position of the coronal image 

is in the middle of the constriction (dotted line in mid-sagittal plane). The subject has 

normal dentition (Angle Class I) without any speech disorder (self-reported). The subject 

pronounced the Japanese word /m
j
isoʃirɯ/ (misoshiru) for 0.6 s while the subject was 

sitting down. The images were collected during the middle of the articulation of both /s/ 

and /ʃ/.  

   In this replica, we assume that the acoustic difference between /s/ and /ʃ/ is formed by 

the changes of the constriction width and length, position of the constriction, and the 

amount of sublingual space (Perkell et al. 1979; Shadle, 1985). From the images, 

dimensions of the vocal tract were roughly estimated as depicted in Fig. 2.3 (a). Note that 

the length, width, and height below correspond to the dimensions in the x axis, y axis, and z 

axis, respectively. When the subject pronounced /s/, the constriction of height 1 mm, width 

8 mm, and length 10 mm was formed at 4 mm posterior to the lower teeth. Meanwhile, 

when the subject pronounced /ʃ/, the constriction of height 1 mm, width 15 mm, and length 

8 mm was formed at 6 mm posterior to the lower teeth. Four kinds of tongue models were 

proposed based on the estimated dimensions in Fig. 2.3 (b): 

   (1) /s/ constriction width 8 mm and /s/ tip 4 × 4 mm [Tongue model 1, Fig. 2.3 (b-1)], 

   (2) /ʃ/ constriction width 15 mm and /s/ tip 4 × 4 mm [Tongue model 2, Fig. 2.3 (b-2)], 

   (3) /s/ constriction width 8 mm without tip [Tongue model 3, Fig. 2.3 (b-3)], 

   (4) /ʃ/ constriction width 15 mm without tip [Tongue model 4, Fig. 2.3 (b-4)]. 

The total length and height of the tongue models were fixed to 14 and 7 mm, respectively.   

All parts were made of acrylic board.  

   The mid-sagittal plane (x-z plane at the center of the y axis) of the replica is depicted in 

Fig. 2.4. The variables corresponding to the geometrical factors are also depicted in Fig. 

2.4. LCA is the length between the lower teeth and the constriction. Lf is the length between  
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Fig. 2.3 (a) Mid-sagittal plane and coronal plane of the computed tomographic images of 

the subject pronouncing /s/ (a-1) and /ʃ/ (a-2). The estimated dimensions of the vocal tract 

are depicted on the images. (b) Four kinds of proposed tongue models. Unit of the 

dimensions is mm. 

 

 
Fig. 2.4 Medium plane of the simplified vocal tract model. 

 

 

the constriction and outlet of the replica. The tongue model was moved in 1 mm 

increments along the x axis from LCA = 4 to 11 mm for tongue models 1 and 2, and LCA = 0 

to 6 mm for tongue models 3 and 4. 

 

2.1.3 Experimental Setups for Directivity Measurement 

   The sound generated from a compression driver (SP-DYN-PRO2, Sphynx) positioned 

at the inlet of the pharynx was measured along two semi-circles of radius 4 cm (near-field) 

and radius 48 cm (far-field) from the lips. A compression driver is used instead of a loud 

speaker in order to ensure sufficient acoustic energy in the frequency range of interest. The 

compression driver was connected to the inlet of the replica using a communication hole of 

2 mm diameter as shown in Fig. 2.5. The replica was mounted near the inlet of a 

quasi-anechoic chamber (internal volume 7.45 m
3
) (Van Hirtum and Fujiso, 2012) as 

schematized in Fig. 2.6 (a) for the near-field measurement and Fig. 2.6 (b) for the far-field 

measurement. The size of the baffle was changed from 36 × 36 cm for the near field 

measurement to 160 × 130 cm (y × z) for the far-field measurement. 
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Fig. 2.5 Inlet geometry for the case with acoustic source. 

 

   In the near-field, a single microphone probe with a probe length 25 mm (flat frequency 

response up to 14 kHz; type 4182, B&K) was mounted on a spatial 3D positioning system 

(PS35, OWIS; accuracy: ±100 μm). The tip of the probe was positioned along the 

transverse plane and sagittal plane at positions from 0° to 180° in steps of 2° as shown in 

Fig. 2.7 (a) and (b). In the far-field, a single 1/2-inch microphone with flat frequency 

response up to 20 kHz (type 4192 and pre-conditioner type 5935L, B&K) was positioned 

at the same height as the replica with a rectangular bar (length: 1 m). The position of the 

microphone was shifted along the transverse plane (x-y plane) from 0° to 180° in steps of 

15°. When the sound along the sagittal plane (x-z plane) of the replica was measured, the 

replica was tipped on its side so that the semi-circular transit of the microphone was in the 

replica's sagittal plane. Considering the wavelength of the generated sound, the minimum 

frequency of the far-field measurement at 48 cm is approximately 720 Hz. 

 

 
Fig. 2.6 Illustration of the experimental setup used for pressure distribution measurements 

with acoustic source in near-field (a), in far-field (b). 
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Fig. 2.7 Measurement positions in the sagittal (a) and transverse (b) planes. 

 

   At each microphone position, a linear sweep signal was amplified (A-807, Onkyo) and 

emitted by the compression driver in the frequency range of 2-15 kHz for 20 s. At each 

position, the microphone signal was recorded with a sampling frequency of 44.1 kHz using 

a data acquisition system with multiple input and output channels (NI PXI0MIO 16 XE, 

National Instruments). The temperature in the quasi-anechoic room during the 

measurements ranged from 20.4 to 21.2 °C yielding a sound speed of 344.0±0.3 m/s during 

the measurements. 

   The directivity was also measured with the airflow supply. Air was supplied using a 

flow facility consisting of a compressor (GA7, Atlas Copco), a pressure regulator (type 

11-818-987, Norgren), a manual valve, a mass-flow meter (model 4045, TSI), and a 

settling chamber (40 × 40 × 50 cm
3
). The settling chamber was tapered with acoustic foam 

(SE50-AL-ML, Elastomeres Solutions) and equipped with flow straighteners in order to 

avoid acoustic resonances (due to the flow facility setup or settling chamber) and to 

homogenize the flow. Air issuing from the settling chamber was introduced to the replica 

through a silicone tube with a diameter of 1 cm and a length of 59 cm. The inlet geometry 

of the replica is depicted in Fig. 2.8. The turbulence level at the inlet of the replica was less 

than 3% (Van Hirtum, et al., 2014). Experiments were conducted at a flow rate of 40 

L·min
-1

, which corresponds to the subject's medium flow rate of /s/ in three effort levels, 

soft, medium and loud (Fujiso et al., 2015). The flow rate was varied from 35 to 45 

L·min
-1

 while the subject sustained /s/ at the medium level. The corresponding Reynolds 

number is 5636 based on the characteristic dimension of the sibilant groove (the height of 

the maximum constriction 1.25 mm) and flow velocity at the groove (Nozaki et al., 2014). 

The size of the baffle is 36 × 36 cm. 

   A single 1/2-inch microphone (type 4192, B&K) was positioned along a semi-circle of 

radius 10 cm using the 3D positioning system (PS35, OWIS), as schematized in Fig. 2.9. 

The radius was increased compared to the near-field measurement with the acoustic sound 

source in order to prevent the impingement of the flow on the microphone. The spatial 

positioning system was placed on the floor of the acoustic chamber and covered with 

acoustic foam to minimize disturbances of the acoustic field. The microphone was attached 

to the positioning system with a bar (length: 1 m) and positioned along the transverse plane 

(x-y plane) and sagittal plane (x-z plane) from 0° to 180° in steps of 2° as shown in Fig. 2.7 

(a) and (b). Considering the wavelength, the minimum frequency of the far-field 

measurement at 10 cm is approximately 3440 Hz. At each position, the microphone signal 
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was recorded for 2 s with a sampling frequency of 44.1 kHz using the data acquisition 

system. With the recorded signals, power spectral densities (PSDs) were calculated by 

time-averaging the Fourier transforms of 60 Hanning-windowed time segments of 1024 

sample points with 30% overlap. To allow comparison between pressure patterns measured 

with and without flow, measured values were again normalized by the spatial mean or 

maximum amplitude for each frequency.  The temperature in the quasi-anechoic room 

ranged from 18.7 to 20.9 °C yielding a sound speed of 343.5 ± 0.7 m/s during the 

measurements. 

 

 
Fig. 2.8 Inlet geometry for the case with flow. 

 

 

 
Fig. 2.9 Illustration of the experimental setup used for pressure distribution measurements 

with acoustic source with flow. 
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2.1.4 Experimental Setups for Simplified Replica 

 Steady airflow was delivered to the flow channel of the replica via a compressor 

(YC-4RS, Yaezaki, Tokyo, Japan) through a mass flow controller (MQV0050, Azbil, 

Tokyo, Japan). The diameter of the air tube was 16 mm. The tube was connected to the 

replica with a tube connecter that had an inner diameter of 8 mm. The flow rate was fixed 

to the subjects average flow rate of sustained /s/ 400 cm
3
/s, which was measured with a 

mass flow meter (Series 4000, TSI, MN). Straightening vanes were set at the inlet of the 

replica as illustrated in Fig. 2.2. The far field sound generated by the replica was measured 

by a 1/4-inch omnidirectional microphone (type 4939, Bruel & Kjaer, Nærum, Denmark), 

which was placed 30 cm along the x axis from the outlet of the replica. In addition, the 

sounds of the subject’s 2-s-sustained /s/ and /ʃ/ were measured by the microphone at the 

same position. The microphone had a flat response from 4 Hz to 100 kHz (61 dB) and 

dynamic range of 28 to 164 dB. The 2-s-sustained sounds were recorded with a sampling 

frequency of 44.1 kHz using a data acquisition system (PXIe-4492, National Instruments, 

TX). 

 

 

 
Fig. 2.10 Experimental setups of the sound measurement for simplified replica.  
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2.1.5 Signal Analysis 

    For the directivity measurement (section 2.1.3), power spectrum densities (PSDs) 

were calculated with 863 time segments of Fourier transforms of 1024 sample points (total 

time 20 s). Measured acoustic pressures were then characterized by considering the PSD 

amplitude extracted for each frequency. Since the amplitude of the sound emitted by the 

compression driver depends on the frequency, measured values needed to be normalized 

for each frequency. For the contour map (Fig. 2.14 and 2.15 shown below), the extracted 

amplitudes were normalized by their spatial mean of the pressure pattern at each frequency. 

For the angular plot (Fig. 2.16, 2.17, and 2.18 shown below), the extracted amplitudes 

were normalized by their maximum value of the pressure pattern at each frequency. This 

normalization removes the spurious influence of the sound source which can hinder 

interpretation of the results. 

   For the measurement of the simplified replica, spectra of the sounds were calculated 

using a fast Fourier transform with 512-point signals, which were multiplied by a Hanning 

window, and a time average of 200 sets of 30% overlap. The sound pressure level (SPL) 

was calculated based on the reference level 20 × 10
6
 Pa. The spectral mean and overall 

sound pressure level (OASPL) were calculated in the frequency range 0.5 to 15 kHz. 
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2.2 Experimental Results 

2.2.1 Effects of Lip Horn of the Realistic Replica 

   The spectra of the sound generated by the realistic replica with acoustic source are 

shown in Fig. 2.11 for the microphone position at an angle of 90° in transverse plane. 

Because the sound was generated from the compression driver, the spectral features are 

different from the actual sibilant /s/. By removing the lips, the amplitude decreased in the 

frequency ranges of 3.5–5.5 kHz and 9.5–11.5 kHz. In contrast, the amplitude at a 

frequency of approximately 8 kHz increased by 5 dB.  

   The spectra of sounds generated by flow supply for the realistic replica with and 

without lips are presented in Fig. 2.12 for the microphone position at an angle of 90° in 

transverse plane. For both with and without lips, the spectral energy increases in the range 

of 3–7 kHz; the amplitude reaches a maximum at 8 kHz with a large trough at 9 kHz; and 

the spectral energy gradually decreases between 9 and 15 kHz. The amplitude for the case 

without lips is approximately 5 dB lower than for the case with lips in the frequency ranges 

of 3–7 kHz and 9–14 kHz, and the minimum amplitude observed at 8.6 kHz without lips is 

shifted to a higher frequency (by approximately 0.3 kHz) when the lips are present. 

   To clarify the effect of the lips in the realistic replica, the spectral differences (PSDs 

measured with lips minus those measured without lips) are shown in Fig. 2.13 for the cases 

of flow and with the acoustic source. Although the overall tendency is similar for the two 

sound generation mechanisms, some differences were observed in the frequency ranges of 

5.5–7 kHz and 12–14 kHz. 

 

 

 
Fig. 2.11 Frequency spectrum of the sound generated with an acoustic source for the 

replica with and without lips. The microphone was positioned 4 cm from the exit of the 

replica at 90° in the transverse plane. 
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Fig. 2.12 Frequency spectrum of the sound generated with flow for the replica with and 

without lips. The microphone was positioned 10 cm from the exit of the replica at 90° in 

the transverse plane. 

 

 
Fig. 2.13 Spectral differences between sounds generated with and without lips. The 

amplitudes (PSDs) measured with lips were subtracted from those measured without lips 

 

   Normalized acoustic pressure amplitudes of the sounds generated by the replica with 

and without lips along the transverse plane are mapped in Fig. 2.14 for the case with 

acoustic source in near-field (a), (b), in far-field (c), (d), and for the case with flow (e), (f). 

The pressure distributions observed with and without lips were mainly changed above 5 

kHz for all measurement conditions. The amplitudes at the angle around 90° increased and 

the amplitudes near 0° and 180° decreased when the lips were present. The position of the 

maximum pressure amplitude was shifted from angle 0° to 140° above 12 kHz for the case 

with acoustic source.   

   Normalized acoustic pressure amplitudes of the sounds generated by the replica with 

and without lips along the sagittal plane are mapped in Fig. 2.15 for the case with acoustic 

source in near-field (a), (b), in far-field (c), (d), and for the case with flow (e), (f). For the 
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case without lips, the large trough at angles between 100° and 140° in the frequency range 

from 9 up to 10 kHz was observed for all measurement conditions. The amplitudes at the 

angle around 90° increased and the amplitudes at the angle around 0° and 180° decreased 

above 5 kHz when the lips were present. 

   The acoustic pressure amplitudes measured with and without the lips at 6.1 kHz and 

9.5 kHz are plotted in Fig. 2.16 as a function of angle for the near-field measurement with 

acoustic source. The amplitudes in each measurement were normalized by the maximum 

value at each frequency. In the transverse plane, the amplitudes at the angle around 30° and 

160° at 6.1 kHz decreased by 15 dB and 10 dB, respectively, when the lips were present. 

The amplitudes at the angle around 0° and 170° at 9.5 kHz decreased by 8 dB and 5 dB, 

respectively, when the lips were present. In the sagittal plane, the amplitudes at the angle 

around 0° and 150° at 6.1 kHz decreased by 7 dB and 10 dB, respectively, when the lips 

were present. The amplitudes at the angle around 20° and 110° at 9.5 kHz decreased by 10 

dB and 15 dB, respectively, when the lips were present. 

 

 
Fig. 2.14 Normalized acoustic pressure amplitudes measured along the transverse plane for 

the case with acoustic source in near-field (radius 4 cm, every 2°) without lips (a), with lips 

(b), in far-field (radius 48 cm, every 15°) without lips (c), with lips (d), and for the case 

with flow (radius 10 cm, every 2°) without lips (e), with lips (f). 
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Fig. 2.15 Normalized acoustic pressure amplitudes measured along the sagittal plane for 

the case with acoustic source in near-field (radius 4 cm, every 2°) without lips (a), with lips 

(b), in far-field (radius 48 cm, every 15°) without lips (c), with lips (d), and for the case 

with flow (radius 10 cm, every 2°) without lips (e), with lips (f). 

 

   The acoustic pressure amplitudes measured with lips at 6.1 kHz and 9.5 kHz are plotted 

in Fig. 2.17 as a function of angle for the near-field and far-field measurements with 

acoustic source. As before, the amplitudes in each measurement were normalized by the 

maximum value at each frequency. In the transverse plane, the amplitudes in far-field at the 

angle around 0° and 180° at 6.1 kHz were 10 dB larger than those in the near-field. The 

amplitudes at the angle around 0° and 180° at 9.5 kHz were 15 dB smaller than the 

amplitudes at the angle around 90° for both far-field and near-field. In the sagittal plane, 

the trough in amplitudes at the angle 150° was observed at 6.1 kHz for both far-field and 

near-field. The troughs in amplitudes at angles around 20° and 175° were observed at 9.5 

kHz for both far-field and near-field.  

   The acoustic pressure amplitudes measured with lips at 6.1 kHz and 9.5 kHz are plotted 

in Fig. 2.18 as a function of angle for the case with acoustic source and flow. As before, the 

amplitudes in each measurement were normalized by the maximum value at each 

frequency. In the transverse plane, the amplitudes measured with flow at the angle 30° and 

160° at 6.1 kHz were 5 dB and 10 dB larger, respectively, than those measured with 

acoustic source. The amplitudes at angles around 0° and 180° at 9.5 kHz were 15 dB 

smaller than that at angles around 0° for both the flow case and the acoustic source case. In 

the sagittal plane, the amplitudes measured with flow at the angle 15° and 150° at 6.1 kHz 

were 7 dB larger than those measured with acoustic source. The troughs in amplitude at the 
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angle around 20° and 175° were observed at 9.5 kHz for both cases, i.e. with acoustic 

source and with air flow. 

 

 
Fig. 2.16 Normalized acoustic pressure amplitudes as a function of angle for the near-field 

(radius 4 cm) measurement with acoustic source. Measurements along the transverse plane 

are plotted in (a) at 6.1 kHz, and (b) at 9.5 kHz. Measurements along the sagittal plane are 

plotted in (c) at 6.1 kHz, and (d) at 9.5 kHz. 

 

 
Fig. 2.17 Normalized acoustic pressure amplitudes as a function of angle for the far-field 

(radius 48 cm) and near-field (radius 4 cm) measurements with acoustic source and lips. 

Measurements along the transverse plane are plotted at (a) 6.1 kHz, and (b) 9.5 kHz. 

Measurements along the sagittal plane are plotted at (c) 6.1 kHz, and (d) 9.5 kHz. 
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Fig. 2.18 Normalized acoustic pressure amplitudes as a function of angle for the 

measurements with acoustic source (radius 4 cm) and flow (radius 10 cm). Both plots are 

for the case with lips. The measurements along the transverse plane are plotted at (a) 6.1 

kHz, and (b) 9.5 kHz. The measurements along the sagittal plane are plotted at (c) 6.1 kHz, 

and (d) 9.5 kHz. 
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2.2.2 Effects of Tongue Position in the Simplified Replica 

   The frequency spectrum of sound generated by the simplified replica with tongue 

model 1 (/s/ constriction width 8 mm and /s/ tip 4 × 4 mm, see Fig. 2.3) is shown in Fig. 

2.19. The spectrum of /s/ pronounced in word context /usui/ by the subject of CT images is 

also plotted in Fig. 2.19. When the tongue was positioned at LCA = 4 mm, broadband noise 

in the frequency above 4 kHz was generated by the simplified replica. The differences in 

SPLs between the replica and the subject were below 6 dB in the frequency range 2 to 10 

kHz. The spectra of sound measured when LCA = 4, 7, 11 mm are plotted in Fig. 2.20. The 

spectrum of back ground noise (BGN) is also plotted in Fig. 2.20. By shifting the tongue 

position in the posterior direction from LCA = 4 to 11 mm, the frequency range of the noise 

was shifted to a lower frequency range with a minimum of 1.5 kHz. The characteristic 

peaks of the sibilant fricatives, which is one of the major factors that we use to distinguish 

the /s/ and /ʃ/ sounds (Jesus and Shadle, 2002), were observed at 4.8 kHz when LCA = 4 

mm. By shifting the tongue from LCA = 4 to 11 mm, the peak frequency decreased from 4.8 

kHz to 3.2 kHz.  

 
Fig. 2.19 Spectra of sound generated by the simplified replica with tongue model 1. The 

sound of /s/ pronounced by the subject of CT images is also plotted. The sound was 

measured at 30 cm from the lip outlet. 

 

 
Fig. 2.20 Spectra of sound generated when the tongue model 1 was at LCA = 4, 7, 11 mm. 

The amplitude of back ground noise (BGN) is also plotted.  
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   The characteristic peak frequency, spectral mean, and OASPL of the sound spectra 

measured for the four tongue models at seven positions (0 ≤ LCA ≤ 10 mm) are shown in 

Fig. 2.21. The values calculated from the subject’s sustained /s/ and /ʃ/ are plotted in Fig. 

2.21 with LCA observed in CT images of Fig. 2.3 (a) [mean ± standard deviation (S.D.) for 

five trials]. The peak frequencies for tongue models 1 and 2 decreased from 4.7 to 3.8 kHz 

while the LCA increased from 4 to 10 mm. The peak frequencies for tongue models 3 and 4 

decreased from 5.6 to 3.7 kHz while the LCA increased from 0 to 6 mm. The mean value of 

the subjects peak frequency was 4.8 kHz for /s/ at LCA = 4 mm and 3.7 kHz for /ʃ/ at LCA = 

6 mm. Using the Lf and assuming the constriction as an acoustically-closed duct end, the 

main resonance frequency was calculated with 1/4 wavelength resonances and end 

correction 

 𝑓 =
𝑐

4(𝐿𝑓 + 𝛿)
, (2.1) 

where c is the speed of sound (344 m/s) and 𝛿 is the end correction of the rectangular 

channel 𝛿  = 3.4 mm (Ingard, 1953). The frequency of Eq. (2.1) plotted in Fig. 2.21 (a) 

decreased from 5.2 to 3.2 kHz while the LCA increased from 0 to 10 mm (Lf from 13 to 23 

mm).  

   The spectral means decreased as follows: 8.5 to 5.4 kHz for tongue model 1, 7.8 to 5.2 

kHz for tongue model 2, 11.0 to 6.0 kHz for tongue model 3, and 9.5 to 5.5 kHz for tongue 

model 4. The mean value of the subjects spectral mean was 8.5 kHz for /s/ at LCA = 4 mm 

and 5.4 kHz for /ʃ/ at LCA = 6 mm. The OASPLs for tongue models 1 and 2 decreased from 

93 to 89 dB and 84 to 82 dB, respectively, while the LCA increased from 4 to 10 mm. The 

peak frequencies for tongue models 3 and 4 first increased from 89 to 95 dB and 83 to 89 

dB for LCA = 0 to 2 mm. They were later decreased from 95 to 92 dB and 89 to 86 dB for 

LCA = 2 to 6 mm, respectively. The mean value of the subjects OASPL was 92 dB for /s/ at 

LCA = 4 mm, and 87 dB for /ʃ/ at LCA = 6 mm.  

   The spectra of sound generated by each tongue model at the position where the 

spectrum has a closest spectral mean value to the subject’s /s/ and /ʃ/ are shown in Fig. 2.22 

and Fig. 2.23, respectively. The subject’s spectra are chosen from the one that has the 

closest spectral shape to the model’s spectra (tongue model 1 for /s/ and tongue model 4 for 

/ʃ/). The SPL of tongue model 2 at LCA = 4 mm was approximately 3 to 10 dB smaller than 

that of subject’s /s/ whereas the SPL of tongue model 3 at LCA = 2 mm was approximately 

5 to 10 dB larger than that of subject’s /s/ above 4 kHz. The SPLs of tongue model 1 at LCA 

= 4 mm and tongue model 4 at LCA = 2 mm were roughly the same as that of the subjects 

/s/, though the sharp peaks were observed for tongue model 4 at 9 and 11.5 kHz. The SPLs 

of tongue model 1 at LCA = 10 mm and tongue model 3 at LCA = 6 mm were approximately 

2 to 10 dB and 5 dB to 15 dB larger, respectively, than that of the subjects /ʃ/ above 3 kHz. 

The SPLs of tongue model 2 at LCA = 9 mm and tongue model 4 at LCA = 6 mm were 

roughly the same as that of subjects /ʃ/. 
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Fig. 2.21 The main peak frequency (a), spectral mean (b), and OASPL (c) of the sound 

spectra measured for the four tongue models at seven positions (0 ≤ LCA ≤ 10 mm). The 

subject’s mean ± S.D. values (n = 5) of sustained /s/ and /ʃ/ are also plotted with LCA 

observed in CT images of Fig 2.3 (a). The frequency calculated with Eq. (2.1) is plotted in 

(a). 
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Fig. 2.22 The spectra of sound generated by tongue model 1 (a), tongue model 2 (b), 

tongue model 3 (c), and tongue model 4 (d) at the position where the spectrum has a 

closest spectral mean value to the subject’s /s/. Each of the subject’s sustained /s/ is plotted. 

 

 
Fig. 2.23 The spectra of sound generated by tongue model 1 (a), tongue model 2 (b), 

tongue model 3 (c), and tongue model 4 (d) at the position where the spectrum has a 

closest spectral mean value to the subject’s /ʃ/. Each of the subject’s sustained /ʃ/ is plotted. 
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2.3 Discussion 

2.3.1 Realistic Replica of Sibilant /s/ 

   The general spectral tendencies of sound generated by the realistic replica with lips and 

flow supply corresponded to sibilant /s/ uttered by the subject of CT images (Nozaki et al., 

2014) as well as the English speakers (Shadle and Scully, 1995). This result indicates that 

the realistic replica is valid to study the acoustic properties of sibilant /s/. By comparing the 

realistic replica with and without lips, some important differences in generated sounds 

were observed. First, amplitudes in the frequency range 3 to 7 kHz and 9 to 15 kHz were 

decreased. In addition, the large trough at 9 kHz was shifted to lower frequency range 

when the lips were absent. These results indicate that the changes in geometry of the 

replica with and without lips produced the difference in acoustic resonance and source 

generation inside the vocal tract. In particular, shift of the peak and trough in the high 

frequency range observed in Fig. 2.11 and Fig. 2.12 were caused by the higher order 

acoustic mode which is affected by the both geometry and source position (Motoki, 2013). 

We note that the observed frequency shift is not due to a change in temperature during the 

experiments (estimated shift is 34 Hz). Further investigation on the cause of spectral 

difference is possible by applying the multimodal modeling (see Chapter 3) on the realistic 

vocal tract geometry.  

   When the sound was generated by the compression driver, overall spectral differences 

between the replica with and without lips were similar to those measured with the flow 

source. This indicates that the differences of the frequency characteristics between the 

replica with lips and without lips were mainly caused by changes in the vocal tract 

geometry. Meanwhile, the spectral differences in the frequency ranges 5.5–7 kHz and 

12–14 kHz (Fig. 2.13) were slightly increased by changing the source from compression 

driver to flow source. These were caused by the difference of source characteristics, i.e. the 

amplitude of source was increased by the additional source generation where the jet flow 

impinged on the lip surface. This experimental evidence supports the results of a previous 

study that showed the potential role of the lip cavity as a sound source of /s/ in a human 

speaker (Shadle and Scully, 1995). 

   The pressure distribution measurements in the transverse and sagittal planes showed 

that the pressure amplitudes at angles associated with the center of the lips (i.e., the angles 

around 90° in both planes) increased up to 15 dB when the lips were present in the 

frequency range above 5 kHz. This increase was observed for all measurement conditions 

(i.e., near-field and far-field with the acoustic source or with flow supply). Far-field 

pressure fields of a concentric rigid two-tube simplification of vowel /ɑ/ vocal tract with an 

infinite baffle (no lips) (Blandin et al., 2016), showed that the amplitude at 90° was larger 

than those at 0° and 180° above 6.5 kHz, and the maximum difference of amplitudes 

between the center (90°) and side regions (0° and 180°) was approximately 10 dB in the 

frequency range from 2 to 10 kHz. The maximum difference in the amplitude for the 

replica of /s/ was 15 dB for this frequency range (2 to 10 kHz), and these results indicate 

that the lip horn plays a role to enhance the directivity at the center compared to the repica 

of /ɑ/. This enhanced directivity in front of the mouth was also observed in the previous 
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measurements of sibilant /s/ on human speakers (Monson et al., 2012) and might therefore 

be partly due to the lip horn. It is of interest to further investigate the effect of the lips on 

other sounds in order to investigate the role of the lip horn for the sound radiation. Another 

potential parameter for the future study is the geometry of the lip horn (e.g. parameters for 

the curvature and protrusion of the radiating surface). 

   Directivity measurements conducted with an eccentric two tube simplification of /ɑ/ 

without lips showed that complex directivity patterns, with changes in directivity within 

short frequency and angle intervals, occur in the frequency range above 6.5 kHz (Blandin, 

et al., 2016). The influence of the lips on the transfer function of the /ɑ/ vocal tract was 

mainly observed above 5.5 kHz (Arnela et al., 2016). In this study, complex pressure 

patterns were observed with and without lips for frequencies above 4 kHz (normalized 

pressure amplitude differences up to 10 dB), which is significantly lower than that found in 

the vocal tract of /ɑ/. This suggests that the higher order modes of sibilant /s/ affect the 

pressure pattern at lower frequencies than that observed for vowels. This is in agreement 

with the argument that the higher order modes affect the pressure pattern below the first 

cut-on frequency, and plane-wave theory holds for frequencies below 4 kHz for the vocal 

tract geometries of sibilant fricatives (Motoki, 2013). Further acoustic modeling of wave 

propagation through the replica's geometry is needed in order to further examine the effect 

of higher order modes in sibilant fricatives. 

   A similar tendency was observed between the near-field and far-field measurements, 

although the resolution in the far-field (15°) was lower than that in the near-field (2°). This 

indicates that more precise measurement of the directivity pattern compared to the far-field 

measurement was achieved by using the 3D positioning system in the near field of the 

vocal tract. This result encourages a future development of a setup enabling a precise 

measurement of the directivity pattern in the far-field in order to confirm the current 

findings using other replicas and eventually on human speakers to investigate the 

perceptual relevance of the current findings.    

   The comparison between the case with acoustic source and flow revealed a similar 

tendency in both the transverse and sagittal plane. In particular, similar pressure 

distributions were observed in the frequency range from 7 to 10 kHz, which coincides with 

the frequency range of the highest acoustic energy observed on replica's sibilant /s/ 

(Nozaki et al., 2014). When the flow was supplied to the replica, the noise source was 

probably generated downstream from the sibilant groove, i.e. around the teeth and lips. 

Nevertheless, similar pressure distribution patterns were observed for the different sound 

source positions, i.e. at the inlet of the pharynx or downstream from the sibilant groove. 

This indicates that the pressure pattern outside the vocal tract of sibilant /s/ is less affected 

by the position of the sound source than by the vocal tract geometry. It is of interest to 

confirm this finding for other fricatives since usage of an acoustic source allows a detailed 

spatial measurement of the acoustic pattern inside and outside of the vocal tract geometry 

which is difficult to achieve in the presence of flow.  
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2.3.2 Simplified Replica of /s/ and /ʃ/ 

   The spectral shape of sound generated by the simplified replica with tongue model 1 

was similar to the spectrum of /s/ in word context up to 12 kHz (Fig. 2.19). Moreover, the 

spectral shape of the sound generated by the replica with tongue model 1 matched with the 

subject’s sustained /s/ up to 15 kHz including first and second characteristic peaks (4.8 and 

9 kHz in Fig. 2.22). This indicates that the simplified replica reproduced the essential 

phenomena occurring in the vocal tract of sibilant /s/ considering the three-dimensional 

flow configuration observed in the realistic replica. In this simplified replica, the geometry 

of constriction, tongue tip, upper and lower teeth was mainly considered for the 

simplification. In the previous simplified models, the geometry was varied from the simple 

tube (Stevens, 1971) to 32-cross-section model (Motoki, 2013). Although in the model 

only with constriction (Stevens, 1971) or constriction and obstacle (Shadle, 1971) produce 

the first characteristic peak of sibilant /s/ around 4 to 5 kHz, detailed spectral shapes of the 

sound produced by the model were different from the sound pronounced by the speakers. 

This indicates that the proposed simplified geometry has better ability to produce the flow 

and acoustic fields in the actual vocal tract of /s/. By considering the 4 sections from throat 

to lips (Howe and McGowan, 2005), the spectral shape became much closer to those of the 

sound produced by the speakers. Meanwhile, the second characteristic peak around 8 to 9 

kHz was not observed in Howe’s model. With the model proposed by Toda and Maeda 

(2006) which consists of the back cavity, constriction, and front cavity, the second 

characteristic peak was predicted at 7 kHz. These results indicate that the dimensions of the 

front cavity (i.e. the cavity downstream from the constriction) and source position are key 

factors to produce the frequency characteristics of the sibilant /s/. The effects of the source 

position in the simplified geometry were investigated by the multimodal modeling in the 

next chapter (Chapter 3). 

   The spectral analysis from Fig. 2.21 to Fig. 2.23 showed that the vocal tract replica 

with tongue model 1 at the position LCA = 4 mm and tongue model 4 at the position LCA = 

6 mm reproduced the frequency characteristics (i.e., main peak frequency, spectral mean, 

and spectral shape) of the subjects /s/ and /ʃ/, respectively. These geometries were 

consistent with the dimensions estimated in the subjects CT images. Meanwhile, the peak 

frequency or spectral mean of the subject’s /s/ and /ʃ/ were also reproduced by changing 

the position of tongue model 2 or 3. However, the spectral shapes of tongue models 2 and 3 

were slightly different from those of the subject’s /s/ and /ʃ/. Therefore, these results 

indicate that the dimensions of the replica with tongue model 1 at LCA = 4 mm and tongue 

model 4 at LCA = 6 mm are physiologically reasonable and represent the geometric features 

of the vocal tract for this subject pronouncing /s/ and /ʃ/, respectively. 

   By examining the calculated spectral parameters in Fig. 2.21, the effect of geometrical 

factors on the generated sound can be summarized as follows. The position of the tongue 

model (LCA) that corresponds to the constriction position, length, and the sublingual space 

changed the main peak frequency. Changes in the amount of sublingual space, which are 

represented in presence or absence of the tongue tip, changed the peak frequency further. 

The constriction width slightly affected the peak frequency, though the changes were 
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smaller than those of the constriction position and sublingual space. In contrast, the 

constriction width mainly changed the OASPL. Although the tongue position LCA = 4 to 6 

and presence of the tongue tip decreased the OASPL as well, the decreased levels were 

smaller than those of the constriction width and the subject’s /s/ to /ʃ/. The spectral mean 

was attenuated by the combination of the tongue position, sublingual space, and 

constriction width.  

   When the position of the tongue model was changed, the decreased ratio of the peak 

frequency was consistent with the resonance frequency estimated with the constriction 

position (Lf) in Eq. (2.1). This indicates that the channel between the constriction and outlet 

can be considered as a main resonator, and the position of the constriction is correlated 

with the resonance frequency of the main peak. In addition, the presence or absence of the 

tongue tip changed the volume of the main resonator and the resonant frequency as well. 

These results agree with that of the model proposed by Shadle (1985). The reason for the 

changes in OASPL can be speculated by considering the jet flow generated from the 

constriction. The decrease of mean velocity at the constriction decreases the amplitude of 

the sound source occurring around the teeth (Nozaki et al., 2012). The widened 

constriction width decreased the mean velocity and hence decreased the OASPL. When the 

position of the tongue shifted backward, the magnitude of the velocity fluctuation, as well 

as the sound source around the teeth, probably decreased because of the larger LCA (Van 

Hirtum et al., 2009). 

   Consequently, the simplified replica reproduced the change in main peak frequency by 

changing the tongue position LCA = 4 to 6 and removing the tongue tip, whereas the replica 

reproduced the change in OASPL by widening the constriction width. In future work, 

based on the effect of geometrical factors observed in this experiment, we can estimate the 

tongue shapes and positions for the different subjects’ sustained /s/ and /ʃ/ through 

employing a mechanical experiment that includes the measurement of dimensions of the 

subject’s lips and teeth. In addition, underlying physical mechanisms in the difference 

between /s/ and /ʃ/ are investigated by applying the aeroacoustic simulation on this 

geometry (Chapter 4). 
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2.4 Summary 

   With the realistic replica, acoustic pressure distribution patterns were measured on a 

vocal tract replica of sibilant /s/ with and without lips. It was found that complex pressure 

patterns with differences in amplitude of approximately 10 dB occur with and without lips 

for frequencies above 4 kHz. The lip horn enhances the pressure amplitude up to 15 dB at 

the center of the lips in both transverse and sagittal plane in the frequency range above 5 

kHz. These tendencies were observed in the near-field and far-field measurements with the 

acoustic source, and in the measurements with flow supply. The comparison between the 

near-field and far-field measurements showed that more precise directivity pattern can be 

achieved by the near-field measurement compared to the far-field measurement. The 

comparison between the acoustic source and flow source showed that the pressure 

distribution pattern is affected by the vocal tract geometry rather than by the source 

characteristics. The presented experimental results motivate further studies involving 

spatially detailed directivity pattern measurements for different phonemes using the vocal 

tract replicas in combination with an acoustic source in order to further study the effect of 

the lip horn as well as to study the acoustic pressure patterns for different phoneme 

geometries. Furthermore, the perceptual relevance of these findings needs to be further 

investigated. 

   With the simplified replica, the effects of tongue position as well as the tongue shapes 

on the acoustic properties were assessed. The simplified replica reproduced the change in 

main peak frequency of /s/ and /ʃ/ by changing the tongue position LCA = 4 to 6 and 

removing the tongue tip, whereas the model reproduced the change in OASPL of /s/ and /ʃ/ 

by widening the constriction width. These geometries were consistent with the dimensions 

estimated in the subjects CT images, indicating that the dimensions of the simplified 

replica with tongue model 1 at LCA = 4 mm and tongue model 4 at LCA = 6 mm are 

physiologically reasonable and represent the geometric features of the vocal tract 

pronouncing /s/ and /ʃ/, respectively. In future work, based on the effect of geometrical 

factors observed in this experiment, the tongue shapes and positions for the different 

subjects’ sustained /s/ and /ʃ/ can be predicted through employing the mechanical 

experiments. 

.    
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Chapter 3. Multimodal Acoustic Modeling and Analysis 

   In this chapter, we investigated the acoustic properties of proposed simplified vocal 

tract geometry by using the multimodal acoustic theory. The multimodal theory has been 

developed to compute the acoustic characteristics in higher frequency range where the 

assumption of plane wave (1D) propagation does not hold. Since the theoretical modeling 

can be applicable only with the simple cross-sections, e.g. rectangular, circular and elliptic 

sections, the vocal tract geometry has to be simplified to a concatenation of waveguides. 

Therefore, results in representing cross-section of the vocal tract are limited in accuracy. 

However, this modeling can represent the effects of the transverse dimensions of the vocal 

tract at higher frequencies where the most of acoustic energy of sibilant fricatives is 

generated. In addition, this method has an advantage of the fast computation compared to 

the numerical simulation, e.g. finite element method (FEM) for acoustics. With the 

multimodal modeling, the effects of source position on the far-field sound spectra as well 

as on the pressure distribution inside the vocal tract were examined. The established 

methodology is expected to be used as a fast prediction for the acoustic characteristics of 

the sibilant fricative production. 

 

3.1 Method 

3.1.1 Multimodal Theory 

   Multimodal theory has been developed and implemented by several researchers, e.g. 

Kergomard et al., (1989), Pagneux, et al., (1996), and Amir, et al., (1997). Vocal tract 

geometry is simplified as the concatenation of waveguides with constant cross-sections. In 

this chapter, z indicates the main propagation direction; cross-sections are situated in the 

(x,y)-plane, with the x-axis from left to right and the y-axis from inferior to superior.  

   In the 3D acoustic field, the amplitude of sound pressure p(x,y,z) and particle velocity 

vector v(x,y,z) are defined as 

 𝑝(𝑥, 𝑦, 𝑧) = 𝑗𝜔𝜌𝜙(𝑥, 𝑦, 𝑧), (3.1) 

 𝒗(𝑥, 𝑦, 𝑧) = −∇𝜙(𝑥, 𝑦, 𝑧), (3.2) 

with velocity potential 𝜙(𝑥, 𝑦, 𝑧) omitting the time dependence exp(jωt), where ω is 

angular frequency and 𝜌 is density. The velocity potential satisfies the 3D spatial wave 

equation i.e. Helmholtz equation  

 ∇2𝜙(𝑥, 𝑦, 𝑧) + 𝑘2𝜙(𝑥, 𝑦, 𝑧) = 0, (3.3) 

where 𝑘 = 𝜔/𝑐  is free field wave number and 𝑐 is speed of sound. The solution of 

Helmholtz equation yields a summation of an infinite number of propagation modes 

𝜓𝑚𝑛(𝑥, 𝑦) weighted by forward and backward propagation amplitudes 𝑎𝑚𝑛, 𝑏𝑚𝑛 as: 

 

𝜙(𝑥, 𝑦, 𝑧) = ∑ 𝜓𝑚𝑛(𝑥, 𝑦) {𝑎𝑚𝑛 exp(−𝛾𝑧,𝑚𝑛𝑧) + 𝑏𝑚𝑛 exp(𝛾𝑧,𝑚𝑛𝑧)}

∞

𝑚,𝑛=0

, (3.4) 

where m and n are the number of modes in the x-direction and y-direction, respectively, 

and 𝛾𝑧,𝑚𝑛  is the propagation constant (modal wave numbers) along the z-axis. The 
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propagation mode 𝜓𝑚𝑛(𝑥, 𝑦) is the solution of the two-dimensional Helmholtz equation 

and can be obtained analytically when considering waveguides with a rectangular 

cross-section of dimensions 𝐿𝑥 and 𝐿𝑦 (Pierce, 1989); 

 𝜓𝑚𝑛(𝑥, 𝑦) =
cos (

𝑚𝜋𝑥
𝐿𝑥

)

√𝐿𝑥𝜎𝑚

cos (
𝑛𝜋𝑦
𝐿𝑦

)

√𝐿𝑦𝜎𝑛

  

𝑥 ∈ [0, 𝐿𝑥],   𝑦 ∈ [0, 𝐿𝑦] 

(3.5) 

where 𝜎𝑚, 𝜎𝑛 are 1 (m,n = 0, i.e. plane wave) or 1/2 (m,n ≥ 1). The propagation constant 

is derived from the dispersion relationship as 

 

𝛾𝑧,𝑚𝑛 = √(
𝑚𝜋

𝐿𝑥
)

2

+ (
𝑛𝜋

𝐿𝑦
)

2

− 𝑘2. (3.6) 

When the propagation constant is 𝛾𝑧,𝑚𝑛, the cutoff frequency 𝑓𝑐,𝑚𝑛 yields 

 

𝑓𝑐,𝑚𝑛 =
𝑐

2𝜋
√(

𝑚𝜋

𝐿𝑥
)

2

+ (
𝑛𝜋

𝐿𝑦
)

2

. (3.7) 

Each propagation mode is rapidly attenuated along the waveguide for frequencies below its 

cutoff frequency, but can propagate above that cutoff frequency. The cutoff frequency of 

plane wave (m,n = 0) is 0 Hz so that sound can propagate at any frequency. 

   To obtain the acoustic field in the waveguide, the infinite series in Eq. (3.4) is truncated 

to a certain value depending on the frequency range of interest. From Eq. (3.1), (3.2), and 

(3.4), the sound pressure and particle velocity along the z-axis 𝑣𝑧 are calculated as 

 𝑝(𝑥, 𝑦, 𝑧) ≈ 𝝍𝑇(𝑥, 𝑦){𝑫(−𝑧)𝒂 + 𝑫(𝑧)𝒃}, (3.8) 

 
       𝑣𝑧(𝑥, 𝑦, 𝑧) = −

𝜕𝜙(𝑥, 𝑦, 𝑧)

𝜕𝑧
≈ 𝝍𝑇(𝑥, 𝑦)𝒁𝐶

−1{𝑫(−𝑧)𝒂 − 𝑫(𝑧)𝒃}, 

(3.9) 

where superscript T denotes the transpose operator, 𝑫(𝑧) is propagation constant matrix: 

𝑫(𝑧)=diag[exp(𝛾𝑧,𝑚𝑛𝑧)], 𝒁𝐶 is characteristic impedance matrix: 𝒁𝐶 =diag[𝑗𝜔𝜌/𝛾𝑧,𝑚𝑛 ], 

and 𝝍 , 𝒂 , and 𝒃  are column vectors composed of 𝜓𝑚𝑛 , 𝑗𝜔𝜌𝑎𝑚𝑛 , and 𝑗𝜔𝜌𝑏𝑚𝑛 , 

respectively. The modal sound pressure 𝑷 and modal particle velocity 𝑽 are then defined 

as 

 𝑷 = 𝑫(−𝑧)𝒂 + 𝑫(𝑧)𝒃, (3.10) 

 𝑽 = 𝒁𝐶
−1 {𝑫(−𝑧)𝒂 − 𝑫(𝑧)𝒃}. (3.11) 

   When we consider a rectangular waveguide with varying cross-section, continuity 

equations of pressure and volume velocity are applied at each junction. Each mode is 

projected through the junction by considering the mode-coupling matrix 

 

𝜳𝑖,𝑖+1 =
1

𝑆𝑖
∫ 𝝍𝑖(𝑥, 𝑦)𝝍𝑖+1

𝑇 (𝑥, 𝑦)𝑑𝑆
𝑆𝑖

 (3.12) 

between sections i and i+1, where Si is the area of section i. Note that Si < Si+1 and the area 

expands from section i to the section i+1. By using the coupling matrix, modal pressure, 
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modal velocity and impedance matrix are calculated as 

 𝑷𝑖 = 𝜳𝑖,𝑖+1𝑷𝑖+1, (3.13) 

 𝑽𝑖+1 = 𝜳𝑖,𝑖+1
𝑇 𝑽𝑖 , (3.14) 

 𝒁𝑖 = 𝜳𝑖,𝑖+1𝒁𝑖+1𝜳𝑖,𝑖+1
T . (3.15) 

   The outlet of the waveguide is flanged with an infinite baffle in order to approximate 

the baffle shape of a face. The radiation impedance matrix 𝒁𝑟𝑎𝑑 at the outlet is obtained 

as  

 𝒁𝑟𝑎𝑑 = [𝑍𝑚𝑛,𝑝𝑞]

= [
𝑗𝑘𝜌𝑐

2𝜋𝑆
∫ ∫ 𝜓𝑚𝑛(𝑥, 𝑦)𝜓𝑝𝑞(𝑥′, 𝑦′)

𝑒−𝑗𝑘𝑟

𝑟
𝑑𝑆′𝑑𝑆

𝑆𝑆

] 

𝑟 = √(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 

(3.16) 

where S is the area of the outlet, and (x, y) and (x', y') are coordinates of points on S 

(Muehleisen, 1996). The relationship between the modal pressure, modal velocity, and 

radiation impedance at the outlet is written as 

 𝑷𝒐𝒖𝒕 = 𝒁𝑟𝑎𝑑𝑽𝒐𝒖𝒕. (3.17) 

The radiation impedance is then propagated backward to get the impedance matrix at each 

section from the exit towards the position of the sound source. Then, the modal pressure 

and modal velocity are calculated from the sound source to the outlet of the waveguide. 

The far-field sound pressure at the position (x, y, z) is calculated using 

Rayleigh-Sommerfield integral (Pierce, 1989) 

 

𝑝(𝑥, 𝑦, 𝑧) =
𝑗𝑘𝜌𝑐

2𝜋𝑆
∫ 𝑽𝒐𝒖𝒕 ∙ 𝝍𝒐𝒖𝒕(𝑥′, 𝑦′)

𝑒𝑗𝑘ℎ

ℎ
𝑑𝑆′

𝑆

, 

ℎ = √(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧′)2. 

(3.18) 

At each frequency, the pressure distribution inside and outside of the waveguide are 

computed from the radiation impedance and particle velocity at the sound source. All 

equations are implemented in MATLAB R2013a (Mathworks, Natick, USA). 

 

3.1.2 Vocal Tract Geometry 

   A simplified vocal tract geometry consists of a concatenation of six sections, each with 

uniform cross-sectional area, and a rectangular cross-sectional shape (related to simplified 

geometries in section 2.1.2). The geometry of the vocal tract pronouncing /s/ obtained by 

CT scan (Nozaki et al., 2014) is depicted in Fig. 3.1 (a). The subject is a 32-year-old male 

native Japanese speaker. He has normal dentition (Angle Class I) and no speech disorder in 

self-report. CT scan data were taken in 9.6 s while the subject sustained /s/ in seated 

position without vowel context. His vocal tract geometry was simplified to a rectangular 

channel based on these six sections: the back cavity extending from the pharynx to the 

posterior part of oral cavity (section 1); the tongue constriction (section 2); the region 

above the anterior tongue (section 3); space in the z-direction between lower and upper 

teeth (section 4); space below upper teeth (section 5) and lip cavity (section 6). By using a 

cross-sectional area and height at the center of each section, the six rectangular cavities 
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were constructed. The geometry of the simplified vocal tract is illustrated in Fig. 3.2 (b) 

and dimensions are given in Table 3.1. It is observed that the center line from resulting 

vocal tract geometry is curved. The total length from upstream inlet into section 1 to 

downstream outlet from section 6 is 172 mm. We confirmed that the simplified geometry 

with air flowing through it at 300 cm
3
s

-1
 reproduces the main spectral features of sound /s/, 

and the maximum discrepancy between the spectra was less than 9 dB in the frequency 

range 0.5 to 15 kHz. 

   In addition to the simplified geometry shown in Fig. 3.1, another geometry was used to 

assess the effects of the tongue position on the frequency characteristics of generated sound. 

It was outlined in Chapter 2 that the distance between the tongue and teeth is an important 

parameter suggested to change the sibilant fricative sound from /s/ to /ʃ/. Therefore, the 

distance between the tongue and teeth LCA was varied from 0 to 9 mm in the simplified 

vocal tract geometry. Concretely, the geometry consists of a concatenation of nine 

rectangular uniform sections. The geometry is illustrated in Fig. 3.2 and dimensions are 

given in Table 3.2. The total length from inlet to outlet yields 167 mm. When LCA = 0, the 

longitudinal length Lz of each section from throat to upper teeth (section 1-8) is the same 

as for the vocal tract shown in Fig. 3.1, whereas the longitudinal length Lz of lip cavity 

(section 9) is 5 mm shorter than the geometry of Fig. 3.1 to mimic a lip opening of both /s/ 

and /ʃ/. In addition, transverse length Lx of each section except section 3 is longer than that 

of Fig. 3.1 so that the cutoff frequencies of Fig. 3.2 are smaller than those of Fig. 3.1. 

 

 

 
Fig. 3.1 (a) Mid-sagittal section of a vocal tract of male Japanese subject pronouncing /s/, 

(b) Simplified rectangular vocal tract geometry of sibilant /s/. 

 

 

Table 3.1 Dimensions (mm) of each section of the sibilant /s/ vocal tract geometry. 

Section 1 2 3 4 5 6 

Lx 16.8 8 23 21 21 23.5 

Ly 12.5 1.25 3 7.25 4.25 8.5 

Lz 140 10 5 1 1 14 
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Fig. 3.2 Simplified rectangular vocal tract geometry of sibilant /s/ and /ʃ/. 

 

Table 3.2 Dimensions (mm) of each section in the sibilant /s/ - /ʃ/ vocal tract geometry. 

Section 1 2 3 4 5 6 7 8 9 

Lx 25 25 8 25 25 25 25 25 25 

Ly 8 2.3 1.3 3 7 3 7 4 8 

Lz 140 - LCA LCA 10 - LCA 4 LCA 1 1 1 10 

 

 

3.1.3 Source Position 

   For computational model 1, the sound source was positioned at the inlet of section 1 

and the pressure distribution in section 6 was modeled. The modal velocity of the sound 

source at the inlet is calculated as 

 
𝑽𝑖𝑛 = ∫ 𝑣0𝝍𝑖𝑛(𝑥, 𝑦)𝑑𝑆

𝛺0

, (3.19) 

where 𝑣0 is the particle velocity of the sound source, 𝛺0 the area of the vibrating surface. 

We imposed a 10 × 10 mm vibrating surface with 𝑣0 = 1 mm s
-1

 at the center of the inlet 

face. According to the cutoff frequencies of each mode at the outlet (section 6), which are 

shown in Table 3.3, four modes from mode number 1 to 4 are used for section 6 since only 

the audible spectrum is of interest (≤ 20 kHz). There is no difference on the modeled 

pressure distributions when more modes are included (mode number greater than 5) at 

section 6. Meanwhile, by considering only one mode for all sections, the differences 

between the plane wave and the multimodal models were investigated. 

   When the turbulent flow is generated in the vocal tract, monopole, dipole, and 

quadrupole sound sources of flow fluctuation are assumed to be produced (Stevens, 1971; 

Shadle, 1985; Howe and McGowan, 2005). For computational model 2, to simulate the 

source generation, the pressure distribution and far-field sound were calculated using 

multimodal theory with a simple monopole source downstream from the constriction. Then, 

the source position was changed inside the vocal tract to explore the main source position 

in the vocal tract. The same vocal tract geometry shown in Fig. 3.1 (b) was used. At the 

sound source position, the section was divided into an upstream section and a downstream 

section. The modal pressure and velocity are calculated at each section as 

 𝑷+ − 𝑷− = 0 (3.20) 

 𝑽+ − 𝑽− = 𝑸 (3.21) 
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 𝑸 = 𝑄𝝍(𝑥, 𝑦) (3.22) 

where + and - represent the variables downstream and upstream of the source section, and 

𝑄 is the volume flow rate supplied at the inlet (Amir et al., 1997). We imposed a 

fluctuating volume flow rate 𝑄 = 190 mm
3
s

-1
 as a monopole sound source to reproduce 

the SPL of the flow source (Howe and McGowan, 2005).  

   The position of the sound source was varied from the center in x, y and z direction of 

the particular section from 3 to 6 (i.e. sections downstream from the constriction). In 

addition, the source was shifted away from the center position in section 4 to explore the 

influence of source position in the space between lower and upper teeth in more detail 

since findings in literature (Howe and McGowan, 2005; McGowan and Howe, 2007) 

suggest that the sound source is situated here. Concretely, we located the sound source near 

the upper teeth corner (y = 2.9, z = -15.1), center of section 4 (y = 0, z = -15.5), and near 

the lower teeth corner (y = -4.15, z = -15.9). The positions of the sources are depicted in 

Fig. 3.3. By changing the source position in this model, effects of the source position on 

the spectral characteristics as well as internal multimodal pressure patterns were 

investigated. 

   Moreover, in order to examine the differences between the plane wave and the 

multimodal models, the number of modes was decreased to one as in the computational 

Model 1. The inlet impedance was set as a non-reflective boundary condition, i.e. the 

characteristic impedance 𝒁𝐶  was calculated with the same area of inlet used for the 

acoustic driver. 

 

Table 3.3 Mode (m,n) and corresponding cutoff frequency at the outlet of the sibilant /s/ 

geometry. 

Mode number 1 2 3 4 5 6 

(m, n) (0, 0) (1, 0) (2, 0) (0, 1) (1, 1) (3, 0) 

fc (kHz) 0 7.3 14.6 20.2 21.5 21.9 

 

 
Fig. 3.3 Position of the sound source in section 4. 
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3.2 Experimental Validation 

3.2.1 Experimental Method 

   For physical model 1, a replica of the simplified vocal tract geometry was constructed 

using rapid prototyping of plaster (Zprinter, 3D systems, USA; accuracy: ±0.1 mm). The 

compression driver (PSD2002S-8, Eminence, USA), which produces the sound, was 

connected to the center of the inlet with a communication hole of diameter 11 mm. The 

outlet of the replica had a round edge of radius 1 mm. A rectangular baffle (350 × 350 mm) 

was attached to the edge of the outlet in order to mimic the flanged outlet condition used in 

multimodal theory. A 25-mm microphone probe (type 4182, B&K, Denmark) was 

positioned inside the replica (section 6) with a 3D spatial positioning system (PS35, OWIS, 

Germany; accuracy: ±100 μm). The schematic of the experimental setup is depicted in Fig. 

3.4.  

   Measurements were taken along two planes, horizontal plane (x-z) and vertical plane 

(y-z), within section 6. In the horizontal plane (y = 0), measurements were taken in 2 mm 

intervals in both the x-direction and the z-direction. In the vertical plane (x = 0), 

measurements were taken in 1 mm intervals in the y-direction and 2 mm steps in the 

z-direction. The starting position was 0.2 mm downstream from section 5 along the center 

line (x, y = 0, z = -13.8), and the position was varied in -10 mm ≤ x ≤ 10 mm, -13.8 mm ≤ z 

≤ 0.2 mm for the horizontal plane and in -3 mm ≤ y ≤ 3 mm, -13.8 mm ≤ z ≤ 0.2 mm for 

the vertical plane. In total, the microphone tip was placed at 88 positions within the 

horizontal plane and at 56 positions within vertical plane.  

   At each measurement position, the compression driver produced a linear sweep sound 

signal from 2 kHz up to 15 kHz with duration of 20 s. The acoustic pressure p at the 

microphone probe was recorded during each sweep signal using a data acquisition system 

(PXI0MIO 16XE, National Instruments, USA) with sampling frequency 44.1 kHz. The 

measured signal was Fourier transformed with 1024 sample points and averaged over 863 

time segments (total 20 s). The following pressure-pressure transfer function is used to 

compare the measured and modeled pressure distribution along the centerline of section 6; 

 𝐺𝑙𝑖𝑝(𝑓) = 20log10(𝑝(0,0, −1.8)/𝑝(0,0, −13.8)). (3.23) 

Two pressure positions were chosen from the measurement positions closest to the teeth (z 

= -13.8 mm) and near the outlet (z = -1.8 mm). 

   The modeled far-field sound spectra with the source downstream from the constriction 

were compared with the spectra measured when airflow was supplied to the replica. For 

physical model 2, the same mechanical replica of Fig. 3.1 (b) constructed using rapid 

plaster prototyping was used in this flow experiment. The geometry shown in Fig. 3.2 was 

constructed by acrylic boards. Steady airflow was provided using a compressor (YC-4RS, 

Yaezaki, Japan) equipped with a mass-flow controller (MQV0050, Azbil, Japan) and a 3 m 

air tube of inner diameter 8 mm connected to the inlet of the replica. The length of the air 

tube is long enough to dissipate the sound generated upstream from the inlet of section 1 

(upstream noise due to flow was less than 1 dB). The flow rate was fixed at an average 

flow rate for sibilant /s/ at 300 cm
3 

s
-1

 (Fujiso et al., 2015). A rectangular baffle (350 × 350 

mm) was attached at the outlet of the replica to be consistent with the infinite baffle of the  
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Fig. 3.4 Schematics of experimental setup. 

 

theoretical model.  

   The sound generated by the replica was measured with a 1/4 inch omnidirectional 

microphone (Type 4939, Bruel & Kjaer, Denmark) placed 30 cm downstream from the 

outlet of the mechanical replica along the centerline (z-axis) of section 6. The sound was 

recorded for 2 s using a data acquisition system (PXIe-4492, National Instruments, USA) 

with sampling frequency 44.1 kHz. The measured acoustic pressure was Fourier 

transformed with 512 sample points multiplied by a Hanning window and averaged for 200 

time segments with 30 % overlap. The SPL of the modeled and measured pressures were 

calculated based on the reference level 20×10
-6

 Pa. 

  

3.2.2 Source at the Inlet 

   For the case where the compression driver is providing an acoustic source at the inlet, 

the pressure amplitudes were measured and modeled along the horizontal and vertical 

planes in section 6 for different frequencies (5050 Hz, 10,050 Hz, and 13,050 Hz). The 

horizontal plane comparisons are shown in Fig. 3.5. Note that as in Fig. 3.1 (b), z = 0 mm 

corresponds to the outlet. The pressure amplitude was normalized by its maximum value 

observed within the plane for each frequency. As the frequency increased, the maximum 

pressure shifted from z = -12 mm, near the teeth, to z = -4 mm, near the outlet, in both 

measured and modeled pressure fields. In addition, small troughs appeared at z = -13 mm 

for 10,050 Hz and at z = -9 mm for 13,050 Hz. Note that small 3D effects were observed in 

both the measured and modeled pressure distribution below the cutoff frequency of the 

second-order mode (7.3 kHz in Table 3.3). This indicates that the cutoff frequency is 

slightly changed from the estimated value due to the complex geometry, and as a result, 

higher-order modes slightly affect the plane wave distribution (< 1 dB) through the 

junction of the teeth for frequencies below the cutoff frequency.  

   Figure 3.6 shows the comparisons of measured and modeled pressure amplitudes for 

the vertical plane (y-z plane) at x = 0 in section 6 for the same frequencies as in Fig. 3.5 

(5050 Hz, 10,050 Hz and 13,050 Hz). In the horizontal plane, the maximum pressure at z = 
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-12 mm, near the upper teeth, shifted to z = -4 mm, near the outlet, as the frequency 

increased. The onset of 3D effects was also observed in the vertical plane for the frequency 

below the cutoff frequency of second-order mode. A strong asymmetry appeared in the 

z-direction above the cutoff frequency (10,050 Hz and 13,050 Hz). The dip observed at z = 

-13 mm, near the upper teeth, for 10,050 Hz became smaller for 13,050 Hz.  

   Measured and modeled pressure distributions along the horizontal (Fig. 3.5) and 

vertical (Fig. 3.6) plane are in overall agreement. This suggests that the applied modeling 

approach captures the acoustic pressure field inside the simplified rectangular vocal tract 

geometry when an acoustic sound source is placed at the inlet. 

 

 
Fig. 3.5 Measured (Physical Model 1, left column) and Modeled (Computational Model 1, 

right column) pressure distribution along the horizontal plane at y = 0 in lip section 

(section 6 in Fig. 3.1) for frequency 5050 Hz (a–b), 10050 Hz (c–d), and 13050 Hz (e–f). 

Amplitudes were normalized by the maximal value on the plane. The z-axis corresponds to 

the main propagation direction with the outlet at z = 0. 
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Fig. 3.6 Measured (Physical Model 1, left column) and modeled (Computational Model 1, 

right column) pressure distribution along the vertical plane at x = 0 in lip section (section 6 

in Fig. 3.1) for frequency 5050 Hz (a–b), at 10050 Hz (c–d), and 13050 Hz (e–f). 

Amplitudes were normalized by the maximal value on the plane. The z-axis corresponds to 

the main propagation direction with the outlet at z = 0. 
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3.2.3 Flow Source 

   When the airflow is supplied to the inlet of the replica in the experiment, the sound 

source is assumed to be downstream from the constriction (from section 3 to 6 in Fig. 3.1 

(b)) (Stevens, 1971; Shadle, 1985; Howe and McGowan, 2005). The sound spectrum 

measured and modeled at 30 cm from the outlet along the centerline of the replica is 

plotted in Fig. 3.7. The replica produced a sound similar to the subject's sibilant /s/, which 

is characterized as broadband noise above 4 kHz with the first characteristic peak at 4 kHz 

and overall spectral peak at 8 kHz. General tendencies of the measured sound spectra were 

captured by applying the multimodal model when the sound source is located near the 

upper teeth in section 4 (y = 2.9, z = -15.1). However, the amplitude in the frequency range 

4.5 to 12 kHz was lower than that measured in the flow experiment (approximately 5-10 

dB). This might be due to the difference of the source characteristics between the flow 

source and modeled monopole source. Therefore, further agreement might be achieved by 

accounting for dipole or quadrupole source distributions in the multimodal theory. In 

addition, the sharp edges in the replica potentially generated spurious sound in the flow 

experiment, which is not considered in the modeling, and it is desirable to improve for 

future study. 

 

 
Fig. 3.7 Experimentally measured (Physical Model 2, rectangle) and theoretically modeled 

spectra (Computational Model 2: blue line) for the source near the upper teeth corner (Y = 

2.9, Z = − 15.1), observed at 30 cm from the outlet along the centerline (z-axis). The 

experiment was conducted by supplying air to the mechanical replica. SPL is based on the 

reference level 20 × 10
-6

 Pa. 
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3.3 Detailed Results 

3.3.1 Effects of Mode Number 

   Measured and modeled transfer functions 𝐺𝑙𝑖𝑝 calculated with the pressure amplitude 

at two positions, near the outlet (x, y = 0, z = -1.8) and 0.2 mm downstream from the teeth 

(x, y = 0, z = -13.8), are shown in Fig. 3.8. The effect of the higher-order modes on the 

model outcome is assessed by comparing results with those of the plane wave model. The 

difference between the modeled plane wave transfer function and the measured transfer 

function increases with frequency and becomes noticeable (> 0.6 dB) for frequencies 

above 4 kHz and significant (> 1.6 dB) above 8 kHz. The transfer function obtained using 

the multimodal model approach matches with the measured transfer function below 9 kHz 

and above 12 kHz. Between 9 and 12 kHz, although the general tendency of the measured 

transfer function is predicted, a difference (max. 1.4 dB) between modeled and measured 

transfer functions was observed. This difference is probably caused by experimental 

factors that were not considered in the model, such as plaster roughness (± 0.1 mm) or wall 

impedance (Motoki, 2013).   

   The spectrum resulting from the multimodal model with the source positioned near the 

upper teeth in section 4 is compared with that resulting from a plane wave model in Fig. 

3.9. The discrepancy (> 5 dB) between multimodal and plane wave spectra appeared above 

6 kHz when the source was located near the upper teeth in section 4 (y = 2.9, z = -15.1). 

The second characteristic peak of plane wave model matched with the peak measured at 11 

kHz in the experiment. In order to assess the cause of this match, the spectra predicted by 

two, three, and four modes in the theoretical model were compared with experimentally 

measured spectrum in Fig. 3.10. The modeling with four modes (blue solid line) is 

corresponding to the multimodal model. By increasing the number of modes in the vocal 

tract, the second characteristic peak frequency was shifted to lower frequencies from 11 

kHz to 8 kHz. This result indicates that the overall peak at 8 kHz was captured by shifting 

the peak at 11 kHz predicted by the plane wave model. From these results, we speculate 

that the amplitude of plane wave model at 11 kHz was accidentally matched with the peak 

measured in the flow experiment. 

   Nevertheless, the frequency of the first characteristic peak was predicted with the plane 

wave model in the same way as Howe and McGowan's one-dimensional model (Howe and 

McGowan, 2005). In addition, the second characteristic peak was predicted by the 

multimodal model for this source location. This suggests that the main source in the 

simplified vocal tract approximation of /s/ is generated near the wall of upper teeth, and 

higher-order modes are needed to capture this high frequency behavior. 
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Fig. 3.8 Experimentally measured (Physical Model 1, black line) and theoretically modeled 

(Computational Model 1, plane wave: blue dot, multimodal: red dash) pressure-pressure 

transfer function G lip as a function of frequency between positions z = -13.8 mm (near 

teeth) and z = − 1.8 mm (near outlet). Experiment was conducted with the compression 

driver at the inlet of the mechanical replica. 

 

 
Fig. 3.9 Experimentally measured (Physical Model 2, rectangle) and theoretically modeled 

spectra (Computational Model 2, plane wave mode: red dash, multimodal: blue line) for 

the source near the upper teeth corner (Y = 2.9, Z = − 15.1), observed at 30 cm from the 

outlet along the centerline (z-axis).  
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Fig. 3.10 Experimentally measured and theoretically modeled spectra (plane wave mode: 

red dash, two modes; pink dot, three modes: green dot-dash, multimodal: blue line) for the 

source near the upper teeth corner (Y = 2.9, Z = − 15.1), observed at 30 cm from the outlet.  

 

3.3.2 Effects of Source Position 

   To assess the effect of the source position in the multimodal model (Eq. (3.21–3.23)), 

far-field pressure was calculated with Eq. (3.18) for four different sound source positions: 

the centers on all three axes for the dimensions of sections, i.e., section 3 (0, 1.5, -18.5); 

section 4 (0, -0.6, -15.5); section 5 (0, -2.1, -14.5); section 6 (0, 0, -7). The modeled 

pressure spectra at 30 cm from the outlet along the centerline (z-axis) are plotted in Fig. 

3.11. The first characteristic peak occurred around 4 kHz for all source positions. This peak 

frequency is in agreement with the frequency of the first characteristic peak observed in the 

spectrum measured with airflow. The amplitude of the first peak increased from 59 dB 

when the source is located at the center of section 6 (outlet section) to 63 dB when the 

source is located at section 3 (nearest section to the constriction). The second characteristic 

peak, associated with a spectral maximum for frequencies higher than the first 

characteristic peak, is observed in both modeled and measured spectra. The frequencies of 

the predicted second peaks are 7.7 kHz, 8.2 kHz, 8.3 kHz, and 8.5 kHz when the sources 

are positioned in sections 3, 4, 5, and 6, respectively. The peak amplitude varied from 50 

dB to 70 dB. Meanwhile, the frequency of the second peak in the measured sound 

spectrum occurred at 8.1 kHz and yields 70 dB. 

   To explore the cause of the higher frequency peaks observed in the experiment, the 

position of the source was changed within section 4, i.e. the section center as well as 

positions shifted away from the center were assessed in the model. In particular, positions 

near the wall of teeth (corner positions) are considered as illustrated in Fig. 3.3. The 

experimentally measured and theoretically modeled spectra for the sound source positioned 

near the upper teeth (y = 2.9, z = -15.1), center of section 4 (y = 0, z = -15.5), and near the 

lower teeth (y = -4.15, z = -15.9) are shown in Fig. 3.12. The source near the upper and 

lower teeth was located at 0.1 mm from the corner of the wall in section 4. By shifting the 
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source from lower teeth corner (y = -4.2, z = -15.9) to upper teeth corner (y = -2.9, z = 

-15.1), the amplitude of the maximum peak at 8 kHz was increased from 52 to 67 dB. Best 

spectral match between experimentally measured and theoretically modeled spectra was 

obtained when the source was positioned near the upper teeth corner.  

 

 
Fig. 3.11 Experimentally measured spectrum (Physical Model 2, rectangle) and 

theoretically predicted spectra (Computational Model 2) with multimodal model and 

monopole at the center of sections 3-6 (the center of section 3: blue line, section 4: red dot, 

section 5: green dash, and section 6: pink dot-dash) at 30 cm from the outlet along the 

source centerline (z-axis). The experiment was conducted by supplying air to the 

mechanical replica. SPL is based on the reference level 20 × 10
-6

 Pa. 

 

 
Fig. 3.12 Experimentally measured spectrum (Physical Model 2, rectangle) and 

theoretically predicted spectra (Computational Model 2) with multimodal model at 30 cm 

from the outlet along the centerline (z-axis). A monopole source was located within section 

4: near the upper teeth corner (Y = 2.9, Z = − 15.1, blue line); at the center (Y = 0, Z = − 

15.5, red dot); and near the lower teeth corner (Y = − 4.15, Z = − 15.9).  



50 

 

   The modeled pressure distributions along the vertical center plane (x = 0) of the vocal 

tract geometry for 4 kHz (first characteristic peak) are depicted in Fig. 3.13 for the source 

positioned near the upper teeth corner and the center of section 6. The maximum pressure 

occurs between the constriction and the upper teeth for both source positions. This suggests 

that the antinode of the first characteristic peak (4 kHz in Fig. 3.9 to 3.12) appeared within 

the cavity between the constriction and the upper teeth. In other words, the main resonance 

frequency is determined by the distance between the outlet and the exit from the 

constriction (the upstream end of section 3). Note that, positioning the source within 

section 3 amplified the sound pressure in the entire vocal tract. Therefore, the amplitude of 

the first peak for the source within section 3 was larger than the amplitude for the source 

downstream from section 6. 

   The pressure distributions along the vertical center plane are shown in Fig. 3.14 for the 

frequency of the second peak 7.6 and 8.2 kHz which appeared when the sound source was 

located at the center of section 3 and near the upper teeth in section 4, respectively. At the 

frequency of the second peak, node and antinode appeared near the constriction exit and 

downstream of the lower teeth, respectively, for both source positions. Meanwhile, by 

changing the source location from section 3 to 4, the amplitude was decreased and position 

of the node and antinode was shifted towards the downstream and upstream, respectively. 

These results indicate that the main source in the simplified vocal tract of /s/ appears near 

the upper teeth wall, and show that multimodal approach allows us to capture the behavior 

of node and antinode in the pressure distribution inside the vocal tract for the sibilant /s/.  

 

 
Fig. 3.13 Pressure distribution predicted by the multimodal model (Computational Model 

2) along the vertical center plane (x = 0) of a portion of the vocal tract geometry for 4 kHz. 

The monopole source was positioned near the upper teeth corner in section 4 (a), and at the 

center of section 6 (b). 
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Fig. 3.14 Pressure distribution predicted by the multimodal model (Computational Model 

2) along the vertical center plane (X = 0) for the frequency of the second peak 7.6 kHz (a) 

and 8.2 kHz (b). The monopole source was positioned at the center of section 3 for (a) and 

near the upper teeth corner for (b). 

 

3.3.3 Effects of Tongue Position 

   The modeled spectra for the sound source positioned at section 4 in simplified 

geometry of /s/ and /ʃ/ (Fig. 3.2) and measured spectra with flow are plotted in Fig. 3.15. 

The length between tongue and teeth LCA was changed from LCA = 0 to 2 mm and 7 mm. 

As the length LCA increased from 0 to 7 mm, the frequency of the first characteristic peak 

frequency of the modeled spectrum decreased from 4.7 to 3.4 kHz, and its amplitude 

increased from 68 up to 82 dB. In addition, the frequency and amplitude of the second 

characteristic peak decreased from 8.5 to 6.8 kHz and from 70 to 60 dB, respectively. The 

general tendencies of the measured spectra, which shifted toward the lower frequency 

ranges, were captured by the multimodal model. The observed frequency shift for the first 

characteristic peak as a function of LCA corresponds to the peak shift observed on human 

speakers uttering sibilant fricatives /s/ (5-6 kHz) or /ʃ/ (2-3 kHz) as shown in Chapter 2. 

Meanwhile, the first peak of the measured spectrum when LCA = 7 mm was broader and its 

frequency was lower than that of the modeled spectrum.  

   The modeled spectra for the sound source positioned at upper teeth corner in section 7 

and measured spectra with flow are plotted in Fig. 3.16. By positioning the source at the 

upper teeth corner, the second characteristic peak at 9 kHz when LCA = 0 was captured in 

the same way as the simplified geometry shown in Fig. 3.1 (b). Moreover, the first 

characteristic peak at 3.1 kHz when LCA = 7 mm was more precisely captured by 

positioning the source at the upper teeth corner. The amplitude of the first peak was 

decreased from 82 to 78 dB by changing the source position from section 4 to 7. 
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Meanwhile, the second characteristic peak captured by the source at the center of section 4 

at 6.9 kHz was shifted to lower frequency 5.8 kHz.  

 

 
Fig. 3.15 Experimentally measured spectrum (Physical Model 2) and theoretically 

predicted spectra (Computational Model 2) with multimodal model for lower mouth cavity 

lengths LCA = 0, 2, and 7 mm. The sound source in the model was positioned at the center 

of section 4. 

 

 

 
Fig. 3.16 Experimentally measured spectrum (Physical Model 2) and theoretically 

predicted spectra (Computational Model 2) with multimodal model when the lower mouth 

cavity lengths LCA = 0, and 7 mm. The sound source in the model was positioned at the 

upper teeth corner of section 7. 
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   Modeled first characteristic peak frequencies for the source within section 4 and 9 as a 

function of cavity length LCA are compared with the measured peak frequency values in 

Fig. 3.17 (a). Modeled and measured frequencies decreased from 4.7 kHz to 3.4 kHz when 

LCA increased from 0 to 7 mm. At this time, the peak frequency decreased with 65 Hz by 

changing the source position from section 4 to 9. For LCA ≥ 7mm, the modeled peak 

frequency for the source within section 4 remains roughly constant at 3.4 kHz whereas the 

peak frequency for the source within section 9 decreased to 3.2 kHz. The error bar of 

measured values shows the standard deviation of 5 measurement trials, and modeled value 

for both source positions falls within the range of measured values.  

   The longitudinal position (z-direction) of the maximum value in the pressure 

distributions along the vertical center plane (x = 0) for the first peak frequency is plotted as 

a function of LCA in Fig. 3.17 (b). The maximum position corresponds to the antinode of 

the first characteristic peak frequency as illustrated in Fig. 3.13. The position was shifted 

from z = -13.5 mm up to -20 mm when LCA increased from 1 to 7 mm, and remains 

constant (z = -20 mm) for 7 ≤ LCA ≤ 9 mm for both source positions within section 4 and 9. 

In contrast, when LCA = 0 mm, the maximum position for the source within section 4 was 

3.5 mm backward from the position for the source within section 9. The position of the 

tongue tip in the vocal tract geometry (boundary between section 4 and 5) is also plotted in 

Fig. 3.17 (b). The position of tongue tip roughly matched with the position of maximum 

pressure positions for 1 ≤ LCA ≤ 7 mm.  

   The modeled pressure distributions on the vertical center plane with the source at the 

center of section 4 for LCA = 1, 7 and 9 mm at 4.4, 3.4, and 3.4 kHz (first peak frequency), 

respectively, are shown in Fig. 3.18. The maximum pressure was observed at the bottom of 

the cavity between tongue and lower teeth for all tongue positions. For LCA ≥ 7 mm, the 

maximum position is maintained at the same position (z = 20 mm), though the tongue tip 

was shifted backward. As a result, the frequency of first characteristic peak, which 

corresponds to the maximum pressure position, remained the same for 7 ≤ LCA ≤ 9 mm.   

   In order to investigate the cause of the second characteristic peak when the LCA = 7 mm, 

the modeled pressure distributions on the vertical center plane when the source was 

positioned at the center of section 4 and at the upper teeth corner are shown in Fig. 3.19. 

When the source was positioned at the center of section 4, the maximum amplitude 

appeared at the upper corner of lip cavity (z = -10 mm). Meanwhile, the acoustic node and 

antinode appeared in the space between the constriction and teeth. 
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Fig. 3.17 (a) First characteristic peak frequency as a function of cavity length LCA for 

modeled (source at section 4 and 9) and measured pressure spectra. (b) The longitudinal 

position (z-direction) of the maximum value in the pressure distributions along the vertical 

center plane (x = 0) for the first peak frequency. The position of the tongue tip (boundary 

of section between 4 and 5) is also plotted in (b). 

 

 
Fig. 3.18 Pressure distribution along vertical center plane (x = 0 mm) of the simplified 

vocal tract geometry for LCA = 1 mm at 4.4 kHz (a), 7 mm at 3.4 kHz (b), and 9 mm at 3.4 

kHz (c) for the source at the center of section 4. 
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Fig. 3.19 Pressure distribution along vertical center plane (x = 0 mm) of the simplified 

vocal tract geometry for LCA = 7 mm at 6.9 kHz when the source was positioned at the 

center of section 4 (a) and at the upper teeth corner of section 7 (b). 
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3.4 Discussion 

   Experimental validation in section 3.2 showed that the predicted and measured pressure 

distributions for the source at the inlet agreed well when the acoustic higher-order modes 

were taken into account. The pressure-pressure transfer function showed that the difference 

between the plane wave and the measured transfer function appeared above 4 kHz. 

Meanwhile, the transfer function obtained using the multimodal model approach matched 

with the measured transfer function up to 14 kHz. The difference between the plane wave 

and measured values appeared for frequencies lower than it did in the case of vowels (4.5 

kHz) (Blandin, et al., 2016). This indicates that the smaller cross-sectional distances of 

sibilants have a greater effect on the pressure distribution than those of vowels. 

   The first characteristic peak of sibilant /s/ measured for airflow supply was reproduced 

by placing the source downstream from the constriction (centers of sections 3 - 6). This 

peak was not observed in Motoki's model (Motoki, 2013). Moreover, general tendencies of 

the measured spectra including the second characteristic peak were obtained with the 

source near the upper teeth wall. This result indicates that the main source in the simplified 

vocal tract of /s/ appears near the upper teeth wall. However, the amplitude in the 

frequency range 4.5 to 12 kHz was lower than the amplitude measured in the flow 

experiment (approximately 5-10 dB). This discrepancy over 5 dB is significant for listeners 

with normal hearing (Monson, et al., 2014). This might be due to the characteristics of the 

flow sound source. Impingement of oscillating jet flow on a wall generates not only a 

monopole source but also dipole and quadrupole source distributions, owing to the airflow 

velocity fluctuations (Lighthill, 1952). Therefore, further agreement might be achieved by 

accounting for dipole or quadrupole source distributions in multimodal theory. In addition, 

the sharp edges in the replica potentially generated spurious sound in the flow experiment, 

which is not considered in the modeling, and it is desirable to improve for future study. 

Moreover, further agreement on the spectrum might also be expected by considering 

resonances upstream from the air tube or by considering the rounding of the teeth 

(McGowan and Howe, 2007). 

   Note that the first characteristic peak was captured by the plane wave model in the 

same way as with the one-dimensional model (Howe and McGowan, 2005). However, the 

comparison with the flow experiment suggests that higher-order modes have to be taken 

into account to be able to capture the higher mode peak. In addition, the overall spectral 

peak observed at 8 kHz matches the spectra measured with European Portuguese speakers' 

/s/ (Jesus and Shadle, 2002) and Shadle's /s/ model (Shadle, 1985). This indicates that the 

studied geometrical approximation with a source near the wall of upper teeth generates 

main spectral features (two spectral peaks) of sibilant /s/ for this speaker, and indeed 

confirms previous findings in literature (Shadle, 1985; Howe and McGowan, 2005; 

McGowan and Howe, 2007). 

   For the frequency of the first characteristic peak, the maximum value in the pressure 

distribution appears within the cavity between the constriction and the upper teeth. The 

maximum value remained in the same cavity when the position of the source was varied 

from section 3 to section 6. This result shows that the antinode of the first characteristic 
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peak appears within the cavity between the constriction and the upper teeth. This finding is 

consistent with Shadle's simplified model (Shadle, 1985) that showed the dependence of 

the main resonance frequency on the position of the constriction.  

   For the frequency of the second characteristic peak, node and antinode appeared near 

the constriction exit and downstream of the lower teeth, and position of the node and 

antinode was shifted downstream and upstream, respectively, by changing the source 

location. These results indicate that the multimodal approach allows us to capture the node 

and antinode in the pressure distribution inside the vocal tract as well as the amplitude and 

frequency of the peaks observed in the subject's /s/. The relationship between these nodes 

or antinodes and the peak frequencies will be the subject of further study. 

   The results of the second simplified geometry (Fig. 3.2) showed that the decreases of 

frequencies and amplitudes of the characteristic peak due to the tongue position were 

captured by the multimodal modeling. This suggests that the multimodal modeling is 

capable of assessing the effects of geometrical changes on the far-field sound spectrum of 

the sibilant fricatives. Dependence of the peak frequency and antinode position on the 

tongue position showed that the change of the antinode positions are correlated with the 

change of the first characteristic peak frequency (Fig. 3.17 (a)). This result indicates that 

the first characteristic frequency peak of sibilant fricatives is determined by the position of 

the antinode occurring between the tongue tip and teeth. This also suggests that the 

difference between /s/ and /ʃ/ occurs due to a shift of antinode position determined by the 

position of the tongue tip in the vocal tract. 

   For LCA ≥ 7 mm, the maximum position was maintained at the same position, although 

the tongue tip was shifted backward. As a result, the frequency of the first characteristic 

peak remained in the constant value for 7 ≤ LCA ≤ 9 mm. This indicates that the acoustic 

resonance occurs not only in the region between the tongue tip and outlet, but also in the 

cavity between the constriction and teeth for LCA ≥ 7 mm. In order to reduce the peak 

frequency, sections downstream from the constriction, i.e. longitudinal length Lz or 

spanwise length Lx at section 4-5, need to be increased. 

   This is the first detailed description of the underlying mechanism for more than one 

characteristic peak as observed for sibilant /s/ pronounced by the speaker. In future work, it 

is necessary to study the node and antinode in the vocal tract geometry while airflow is 

supplied, to validate current findings. In addition, further investigation on higher frequency 

peaks can be achieved by modeling dipole or quadrupole source distributions in 

multimodal theory. 
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3.5 Summary 

   In this chapter, the multimodal theory was applied to the simplified geometry for two 

different source positions, at the vocal tract inlet and downstream from the constriction 

representing the sibilant groove. For the experimental validation, the acoustic driver and 

flow supply were applied to the inlet of the simplified geometrical approximation. The 

predicted and measured pressure distributions for the source at the inlet agreed well when 

acoustic higher-order modes were taken into account. The first characteristic peak of 

sibilant /s/ measured for airflow supply was reproduced by placing the source downstream 

from the constriction (centers of sections 3–6). Moreover, general tendencies of the 

measured spectra were obtained with the source near the upper teeth wall. This result 

indicates that the main source in the simplified vocal tract of /s/ appears near the upper 

teeth wall. Moreover, the comparison with the flow experiment suggests that higher-order 

modes have to be taken into account to be able to capture the higher frequency peaks. It is 

desirable to study the mechanisms of the second peak in future study. 

   For the frequency of the first peak, the maximum value in the pressure distribution 

appeared within the cavity between the constriction and the upper teeth. The maximum 

value remained in the same cavity when the position of the source was varied from section 

3 to section 6. This result shows that the antinode of the first characteristic peak appears 

within the cavity between the constriction and the upper teeth. For the frequency of the 

second peak, node and antinode appeared near the constriction exit and downstream of the 

lower teeth, and positions of the node and antinode were shifted downstream and upstream, 

respectively, by changing the source location. These results indicate that the multimodal 

approach allows us to capture the nodes and antinodes in the pressure distribution inside 

the vocal tract as well as the amplitude and frequency of the peaks observed in the 

subject’s /s/. 
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Chapter 4. Computational Analysis of Aeroacoustic Fields 

   In this chapter, we investigated the relationship among the vocal tract geometry, flow 

configuration, and acoustic properties in the vocal tract. The aeroacoustic simulations were 

conducted in two ways: coupling method and direct method. Firstly, the frequency 

characteristics of the sound generated by the flow inside the simplified vocal tract were 

predicted by the coupling method since the computational cost is lower than the direct 

method. The predicted velocity distributions and sound spectra were validated by the 

experimental measurement. Secondly, the direct method was conducted to include the 

acoustic feedback on the flow into the simulation. The spectra and velocity distributions of 

the direct method were also validated by the experiment. After confirming that the 

computational accuracy is enough to distinguish the frequency characteristics of /s/ and /ʃ/, 

the flow and acoustic fields in the simplified and realistic geometries were analyzed. By 

comparing the flow and acoustic fields in the simplified vocal tract geometry, the cause of 

the frequency characteristics of /s/ and /ʃ/ was investigated. Moreover, differences of the 

flow and acoustic fields between /s/ and /ʃ/ were examined in the realistic geometry. Finally, 

by comparing the simplified and realistic replicas, the aeroacoustic generation mechanisms 

of sibilant fricatives were discussed. 

 

4.1 Method 

4.1.1 Governing Equations 

   In the coupling method, the flow and sound in the simplified replica were simulated 

separately with the assumption that feedback effects of the generated sound on flow are 

negligible in the vocal tract. Firstly, flow fields were simulated by LES of incompressible 

fluid. The governing equations are spatially filtered incompressible Navier-Stokes 

equations: 

 𝜕�̅�𝑖

𝜕𝑥𝑖
= 0, (4.1)  
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= −
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𝜕𝑥𝑗
, (4.2)  

where, �̅�𝑖  (𝑖 = 1, 2, 3) are grid-scale (GS) velocity components, �̅� is GS pressure, 𝜌0 is 

constant pressure. The GS stress tensor 𝜎𝑖𝑗 is calculated as 

 𝜎𝑖𝑗 = 2(𝜈𝑆𝐺𝑆 + 𝜈)�̅�𝑖𝑗,  (4.3)  

with GS kinematic viscosity 𝜈, and subgrid-scale (SGS) viscosity 𝜈SGS. The kinematic 

viscosity is the values of air at atmospheric pressure and 20°C. The strain rate tensor �̅�𝑖𝑗 is 

calculated as �̅�𝑖𝑗 = 1 2⁄ (𝜕�̅�𝑖 𝜕𝑥𝑗⁄ + 𝜕�̅�𝑗 𝜕𝑥𝑖⁄ ) . The SGS viscosity is estimated by 

Smagorinsky model as 

 𝜈𝑆𝐺𝑆 = (𝐶s∆)2√2�̅�𝑖𝑗�̅�𝑖𝑗, (4.4)  

where, 𝐶s is Smagorinsky coefficient and 𝛥 is the scale filter length. The coefficient 𝐶s 
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is calculated locally in time and space by dynamic Smagorinsky model (DSM), (Germano 

et al.,1991; Lilly, 1992). 

   After the flow computation, acoustic fields were calculated by using Lighthill’s 

acoustic analogy in frequency domain (Oberai et al, 2000): 

 
−∇2𝜌′ − 𝑘2𝜌′ = 𝑀2

𝜕2�̅�𝑖�̅�𝑗

𝜕𝑥𝑖𝜕𝑥𝑗
,  (4.5)  

where 𝜌′ is the amplitude of density fluctuation in frequency domain, k is wave number, 

and 𝑀 is Mach number. Sound source in frequency domain (right-hand side in Eq. (4.5)) 

was calculated by discretized Fourier transform (DFT) using flow velocity at each grid. 

Both flow and acoustic simulations were conducted by second-order scheme FEM 

softoware FrontFlow/blue ver. 8.1 (Guo et al., 2006).  

   To consider the feedback of the generated sound on the flow, LES in a 3D compressible 

fluid was conducted in the direct method. The governing equations are spatially filtered 

compressible Navier-Stokes equations and the equation of state: 

 𝜕�̅�

𝜕𝑡
= −

𝜕�̅�𝑗

𝜕𝑥𝑗
, (4.6)  

 𝜕�̅�𝑖

𝜕𝑡
+

𝜕�̅�𝑖�̃�𝑗

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕𝜏�̅�𝑗

𝜕𝑥𝑗
, (4.7)  

 𝜕�̅��̅�

𝜕𝑡
+

𝜕�̅�𝑗�̅�

𝜕𝑥𝑗
= −

𝜕�̅��̃�𝑗

𝜕𝑥𝑗
+

𝜕𝜏�̅�𝑗�̃�𝑗

𝜕𝑥𝑗
−

𝜕�̅�𝑗

𝜕𝑥𝑗
, (4.8)  

 �̅� = (𝛾 − 1)�̅��̅�,          �̅� = 𝐶v�̅�. (4.9)  

where �̅� is density, �̅�𝑖 = 𝜌𝑢𝑖̅̅ ̅̅̅ is momentum, �̅� = 1 2⁄ |�̃�𝑖|
2 + �̅� is total energy per unit 

mass, �̅� is internal energy, and �̅� is temperature. The symbol ∙ ̃ represent Favre mean 

filtered value (Favre, 1969): 

 �̅�(𝒙) = ∭ 𝐺(𝒙 − 𝒙′)𝜌(𝒙′)𝑑3𝒙′, 

  �̃�𝑖(𝒙) =
∭ 𝐺(𝒙 − 𝒙′)𝜌𝑢𝑖(𝒙′)𝑑3𝒙′

∭ 𝐺(𝒙 − 𝒙′)𝜌(𝒙′)𝑑3𝒙′
. 

(4.10)  

The GS viscous stress tensor 𝜏�̅�𝑗 and heat flux �̅�𝑗 are calculated as 

 𝜏�̅�𝑗 = 2�̅�(𝜈 + 𝜈SGS) (�̃�𝑖𝑗 −
1

3
𝛿𝑖𝑗�̃�𝑙𝑙), (4.11)  

 
�̅�𝑗 = −�̅�𝛾𝐶v(𝛼 + 𝛼SGS)

𝜕�̅�

𝜕𝑥𝑗
 (4.12)  

with GS thermal diffusivity 𝛼, and SGS thermal diffusivity 𝛼SGS. The strain rate tensor 

�̃�𝑖𝑗  is calculated as �̃�𝑖𝑗 = 1 2⁄ (𝜕�̃�𝑖 𝜕𝑥𝑗⁄ + 𝜕�̃�𝑗 𝜕𝑥𝑖⁄ ). The gas constants 𝐶v 𝑎𝑛𝑑  𝛾 are 

specific heat and specific heat ratio, respectively. The gas constants are the values of air at 

atmospheric pressure and 20°C. In this study, 𝜈SGS and 𝛼SGS were estimated with one 

equation type subgrid-scale model (Fureby, 1996): 

              𝜈SGS = 𝐶𝑘𝛥√𝑘SGS, (4.13)  

              𝛼SGS = 𝜈SGS/𝑃𝑟𝑡, (4.14)  
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 𝜕�̅�𝑘SGS

𝜕𝑡
+

𝜕𝑘SGS�̅�𝑗

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗
{�̅�(𝜈 + 𝜈SGS)

𝜕𝑘SGS

𝜕𝑥𝑗
} = −𝜏𝑖𝑗

𝜕�̃�𝑖

𝜕𝑥𝑗
− 𝐶𝜖

�̅�𝑘SGS
3/2

𝛥
, (4.15)  

where 

𝜏𝑖𝑗 =
2

3
�̅�𝑘SGS𝛿𝑖𝑗 − 2�̅�𝜈SGS (�̃�𝑖𝑗 −

1

3
𝛿𝑖𝑗�̃�𝑙𝑙), (4.16)  

and dimensional constants were 𝐶𝑘  = 0.094, 𝐶𝜖  = 1.04, and the turbulence Prandtl 

number was 𝑃𝑟𝑡 = 1.0. 

   The spatial derivatives were discretized by the second-order accurate central 

differencing scheme, and the time integration was performed by the second-order accurate 

Crank-Nicolson method. The equations were implemented and solved in the finite volume 

method software OpenFOAM 2.3.1 (OpenCFD Ltd). 

 

4.1.2 Computational Grids 

   For the coupling method, the simplified vocal tract geometry consists of teeth blades 

and a rectangular flow channel representing a throat, constriction formed by tongue and 

upper jaw, space behind the teeth, and lip cavity. Overall geometry is illustrated in Fig. 4.1. 

Dimensions of the channel were determined based on the vocal tract geometry of 32 years 

old Japanese male subject measured by CT images in the same way as Chapter 3. The CT 

images were obtained while the subject sustained the sibilant /s/ for 9.6 s in a seated 

position. The cross-sectional areas and vertical heights at five positions (throat, constriction, 

cervical area, gap between teeth, lip cavity) were used to construct the model. The 

dimensions of each section are summarized in Table 3.1. It has been confirmed that the 

model reproduces the subject’s sibilant /s/ in the frequency range 0.5 to 14 kHz.  

   To validate the computational accuracy, three sets of computational grids were 

prepared for the coupling method. The grids from the constriction exit to the middle of lip 

cavity are shown in Fig. 4.2. Comparing to 10 million grids (10M), minimum element size 

of 30 million grids (30M) is larger since grid stretching nearby the surface of the model is 

moderate. To capture the flow separation from the constriction exit and teeth gap, the grid 

size near the walls was decreased in 45 million grids (45M). Computational parameters for 

three grid sets are summarized in Table 4.1. In 45M, the time step ∆𝑡 was smaller than 

those of other grid sets because of the minimum element size. For each set of the 

computational grids, a far-field region was constructed to simulate the sound propagation 

from the outlet of the model. The far-field region of 45M was enlarged to evaluate the 

influence of the region size on the sound propagation. At the inlet of the constriction in 

30M and 45M, round edges with radius 0.1 mm were formed to smooth the contraction 

flow between the throat and constriction. 
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Fig.4.1 Schematic illustration for simplified vocal tract geometry of sibilant /s/. 

 

 
Fig. 4.2 Computational grids for coupling method. (a) 10M, (b) 30 M, and (c) 40 M. 

 

Table 4.1 Parameters for the flow simulation of the coupling method.  

Total number of 

elements 

Minimum element 

size (mm) 
∆t (s) 

Simulated time 

(s) 

Size of far-field 

region (mm) 

10 million 2.9 × 10
-2

 5 × 10
-7

 0.005 - 0.018 100 × 68 × 63 

30 million 4.9 × 10
-2

 5 × 10
-7

 0.028 - 0.045 100 × 68 × 63 

45 million 1.7 × 10
-2

 1 × 10
-7

 0.016 - 0.020 200 × 200 × 200 

          

 

   For the direct method (the compressible flow simulation), effects of the tongue position 

on the flow and sound generated by the simplified geometry were examined. The 

simplified vocal tract geometry for the direct method is illustrated in Fig. 4.3. The tongue 
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model, which had a 1.3 × 8 mm groove on the top and tip LT = 4 mm at the front, was 

positioned between the back cavity and the lower teeth. The length between the tongue tip 

and lower teeth was defined as LC. When LC > 0, a lower mouth cavity appears between the 

lower teeth and tongue blade. The length LC was varied from LC/LT = 0–2. The x1-axis 

indicates the anterior-posterior direction, the x2-axis indicates the upper-lower direction, 

and the x3-axis indicates the transverse direction in this chapter. The origin of the 

coordinate system was set at the exit of the constriction. 

   The computational grids for the direct method are shown in Fig. 4.4. To simulate the 

sound pressure propagating from the model, a far-field region (100 × 50 × 60 mm) was 

added to the exit of the lip cavity. Since the frequency range of the speech sounds of 

interest is less than 15 kHz, the smallest wavelength of interest, 22.9 mm, was captured 

with more than seven grids (the maximum length of the grids was 3.26 mm at the outlet of 

the far-field). To capture the flow separation from the constriction and the gap between the 

teeth, grid sizes near the wall of the constriction and teeth were reduced. The minimum 

element size was 1.6 × 10
-2

 mm. The total number of grid points was approximately 40.5 × 

10
6
 when LC/LT = 0 and 47.2 × 10

6
 when LC/LT = 1.25. The time step for the time 

integration was 1 × 10
-7

 s, and 13.5 × 10
4
 iterations were performed after 2.5 × 10

4
 

preliminary iterations required to achieve developed flow in the vocal tract. 

   The computational grids of the realistic geometry pronouncing /s/ and /ʃ/ are depicted 

in Fig. 4.5. For the geometry of /s/, CT images of the Japanese male subject sustained /s/ 

for 9.6 s were used (accuracy: 0.1 × 0.1 × 0.1 mm voxels). For the geometry of /ʃ/, CT 

images of the same subject pronouncing in word context /m
j
isoʃirɯ/ were used (accuracy: 

0.488 × 0.488 × 0.5 mm voxels). The surface of the vocal tract geometry was extracted by 

using the segmentation software itk-SNAP (http://www.itksnap.org). Because of lower 

spatial accuracy for the CT scan of /ʃ/, the surface of the vocal tract /ʃ/ was rougher than 

the surface of /s/. The grid sizes from the constriction to lip cavity were decreased to 

capture the small vortices in the turbulent flow region. The minimum element size was 6.2 

× 10
-2

 mm. The total number of grid points was approximately 23 × 10
6
 for /s/ and 35 × 

10
6
 for /ʃ/.  

 

 
Fig. 4.3 Simplified vocal tract geometry based on the vocal tract of a Japanese male 

speaker. The units are in mm. 

 

http://www.itksnap.org/
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Fig. 4.4 Computational grid for the simple replica LC/LT = 1.25 with far-field region (every 

5th grid line is shown for clarity). 

 

 

Fig. 4.5 Computational grid for realistic geometry of the subject pronouncing /s/ and /ʃ/. 
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4.1.3 Boundary Conditions 

   Boundary conditions for the coupling method are presented in Fig. 4.6. For the flow 

simulation, uniform velocity and constant pressure were set on inlet and outlet boundaries, 

respectively, to yield steady flow rate 400 cm
3
/s at the inlet. No-slip boundary condition 

was used on the surface of the vocal tract. For the acoustic simulation, non-reflecting 

boundary condition (NRBC) was set on the inlet and outlet boundaries, and the surface of 

the vocal tract was set as rigid wall. The velocity 1.5 mm downstream from the upper teeth 

wall and sound pressure at 20 mm along the axis x1 were extracted to validate the 

computational accuracy. 

   Boundary conditions used in the direct method are depicted in Fig. 4.7. At the inflow 

boundary, a uniform velocity of �̃�1 = 1.5 m/s at a constant temperature of �̅� = 20 °C was 

used to produce the subject’s flow rate of 300 cm
3
/s. No-slip and adiabatic boundaries were 

used at the model walls. At the outlet of the far-field region, a no-reflecting boundary 

condition (Poinsot and Lele, 1992) was imposed to allow the acoustic waves to pass 

smoothly with minimal disturbances. The velocity 0.5 mm downstream from the upper 

teeth wall and sound pressure at 90 mm along the axis x1 were extracted to validate the 

computational accuracy. Mach number and Reynolds number based on the maximum mean 

velocity and height (h = 1.3 mm) at the constriction were 0.127 and 3697, respectively, 

when LC/LT = 0 (|�̃�|̅̅ ̅̅
max = 43.6 m/s at x1/h = -7), and 0.121 and 3527, respectively, when 

LC/LT = 1.25 (|�̃�|̅̅ ̅̅
max = 41.6 m/s at x1/h = -3.5). 

 

 

 
Fig 4.6 Boundary conditions for incompressible flow and acoustic simulation. 
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Fig. 4.7. Boundary conditions for compressible flow. 

 

 

4.1.4 Sound Source and Pressure Amplitude in the Frequency Domain 

   To evaluate the sound source generated by the flow fluctuation in the direct method, 

the source term 𝜓 in Lighthill’s analogy (Lighthill, 1952) 

 
𝜓 =

𝜕2𝑇𝑖𝑗

𝜕𝑥𝑖𝜕𝑥𝑗
,   𝑇𝑖𝑗 ≅ �̅��̃�𝑖�̃�𝑗 (4.17)  

was calculated from the GS density and velocity components. The second and third term in 

Lighthill’s analogy were neglected because of low Mach number and high Reynolds 

number of the flow inside the vocal tract. 

   To examine the cause of the frequency characteristics of the generated sound, the 

frequency components of the sound source and pressure fluctuation were obtained by DFT. 

The simulated values were sampled at a rate of 100 kHz and the DFT was performed on 

256-point values, which were multiplied by a Hanning window, and averaged with 7 sets 

of 30% overlapped frames. The frequency resolution of these calculated values was 391 Hz.  

The sound pressure level (SPL) was calculated as 

 𝑆𝑃𝐿 = 20log10(|�̅�′|/𝑝0), (4.18)  

where �̅�′ is the pressure in the frequency domain and 𝑝0 = 20 × 10
-6

 Pa is the reference 

sound pressure.

   The spatial mean values of the sound source and pressure in the transverse (x2-x3) plane 

were calculated by taking the surface integral over the plane surface 𝑆Ω for both the 

source magnitude and SPL, 

 
𝜓Ω =

1

𝑆Ω
∫ 10

𝑆Ω

log10|𝜓′|𝑑𝑆,   𝑆𝑃𝐿Ω =
1

𝑆Ω
∫ 𝑆𝑃𝐿

𝑆Ω

𝑑𝑆 (4.19)  

where 𝜓′ is the source term in the frequency domain. In discretized form, the spatial 

mean was estimated as 
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𝜓Ω ≅
1

𝑆Ω
∑ 10log10|𝜓𝑘

′ |𝑆𝑘

𝑁

𝑘=1

,   𝑆𝑃𝐿Ω ≅
1

𝑆Ω
∑ 𝑆𝑃𝐿𝑘𝑆𝑘

𝑁

𝑘=1

, (4.20)  

where N is the number of elements on 𝑆Ω. 𝜓𝑘
′ , 𝑆𝑃𝐿𝑘, and 𝑆𝑘 are the sound source, SPL, 

and surface area at the element k, respectively. 
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4.2 Experimental Validation of Computational Accuracy 

4.2.1 Experimental Method 

   The sound pressure and flow velocity generated from the simplified model were 

measured in the experimental setup depicted in Fig. 4.8. The vocal tract geometry shown in 

Fig. 4.1 was constructed by the plaster using 3D printer (Zprinter, 3D systems), and the 

geometry shown in Fig. 4.3 was constructed with acrylic boards. Steady airflow was 

delivered to the inlet of the model from a compressor (YC-4RS, Yaezaki, Tokyo, Japan) via 

an air tube with an inner diameter of 16 mm and a mass flow controller (MQV0050, Azbil, 

Tokyo, Japan). The flow rate was fixed in the range of subject’s physiological flow rates: 

400 cm
3
/s for the coupling method and 300 cm

3
/s for the direct method. The air tube was 

connected to the inlet of the back cavity through a tube connecter with an inner diameter of 

8 mm and a preliminary rectangular duct with dimensions of 8 × 25 × 125 mm with 

straightening vanes attached inside. The total length from inlet to outlet of the rectangular 

duct was 170 mm, and is consistent with the subject’s vocal tract length from the vocal fold 

to the lips along the center line. A rectangular baffle of 350 × 350 mm was attached at the 

outlet of the model to mimic the speaker’s face. 

   The flow velocity downstream of the teeth was measured with a hot-wire anemometer 

(d = 5 μm, l = 2 mm wire, 0251R-T5, Kanomax, Osaka, Japan). The tip of the anemometer 

was placed every 0.2 mm along the velocity sample points depicted in Fig. 4.6 and Fig. 4.7 

by using x-y-z axis stages (LS-4042-S1; ALS-115-E1P, Chuo Precision Industrial, Tokyo, 

Japan) shown in Fig. 4.9 (a). The anemometer was calibrated in a small wind tunnel 

(Model 1065, Kanomax) every 1 m/s from 2 to 10 m/s, and every 5 m/s from 10 to 55 m/s 

using the power law (Khan et al., 1987). The sound pressure at 20 mm (for coupling 

method) and 90 mm (for direct method) from the lip outlet along the x1-axis was measured 

by a 1/4 inch omnidirectional microphone (Type 4939, Bruel & Kjaer, Nærum, Denmark) 

as shown in Fig. 4.9 (b). We used a hot-wire anemometer to confirm that sound was 

measured in a quiescent medium (flow velocity was less than 1 m/s at 90 mm from the lip). 

The microphone and the model were placed at least 0.6 m from the walls with soundproof 

materials in an experimental room.  

   In addition to the simplified replica, the realistic vocal tract replicas of /s/ and /ʃ/ were 

constructed to validate the computational accuracy for the simulation with the realistic 

geometries. The replicas were constructed by using the vocal tract surfaces of the 

computational grids and 3D printer (Objet30Pro, Stratasys, USA). The constructed realistic 

replicas are shown in Fig. 4.10. The replicas were made of acrylic resin and connected the 

air compressor through the air tube. The baffle board (350 × 350 mm) was attached at the 

edge of the replica’s front face. The measurement setups are shown in Fig. 4.11. 

   The velocity and sound pressure for 1 s were recorded with sampling frequency 100 

kHz and 44.1 kHz, respectively, using a data acquisition system (PXIe-4492, National 

Instruments, Austin, USA). The sound spectrum was calculated by discretized Fourier 

transform (DFT) with 256-point signals, which were multiplied by a Hanning window, and 

averaged with 60 sets of 30% overlapped frames. The frequency resolution of the 

calculated values was 172 Hz. 
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Fig. 4.8 Schematic of the experimental setup for sound measurement. 

 

 
Fig. 4.9 Experimental setups for velocity measurement (a) and sound measurement (b). 

 

  
Fig. 4.10 Realistic Replica of /s/ (a) and /ʃ/ (b). 
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Fig. 4.11 Measurement setups for realistic replica. 

 

4.2.2 Velocity Distribution 

   For the coupling method, instantaneous velocity fields between the constriction and the 

lip cavity in mid-sagittal plane are shown in Fig. 4.12. In 10M, flow at the constriction 

became fully turbulent and passed nearby the surface of upper and lower teeth. In 30M and 

45M, flow at the constriction became laminar and formed recirculatory flow nearby the 

surface of upper teeth. This recirculatory flow widened the angle between the jet flow and 

the surface of lower teeth. The difference of flow state at the constriction was caused by 

the difference of edge shape (i.e. angular edge in 10M and round edge in 30M and 45M) at 

the inlet of the constriction. By making the round edge, flow passed smoothly through the 

edge of constriction and was not disturbed. 

   Mean and root mean square (RMS) values of the velocity distribution at 1.5 mm below 

the upper teeth edge for the coupling method are plotted in Fig. 4.13 (a) and (b), 

respectively. Since the velocity component in the transverse direction (axis x3) was small 

(�̅�3 ≪ �̅�1, �̅�2) at the sample points, the velocity magnitude measured by the hot-wire 

anemometer was estimated by calculating the velocity vector 𝑢ℎ = (�̅�1
2 + �̅�2

2)1/2
 in the 

simulation. In addition, to consider the short simulation time, mean and RMS values of the 

experiment were calculated for shortened time (i.e. 0.004 s) and standard deviations of 

mean and RMS were calculated for the recorded time (i.e. 1 s). The peak of the mean 

velocity measured by the hot-wire anemometer appeared between 1 and 1.4 mm from the 

lower teeth, and the position of the peaks in simulation of 30M and 45M agreed with the 

peak observed in the experiment. Meanwhile, the peak in 10M appeared at 0.8 mm from 

the lower teeth and this position was different from the experimental observation. This 

shift of the peak in simulation was caused by the flow state upstream of the jet flow as 

shown in Fig. 4.12. RMS values at the separation region of the jet flow (distance 1.5-2.5 

mm from the lower teeth) in 30M were decreased by increasing the grid resolution to 45M. 

This tendency agreed with the case of LES for the flow-separation (Kato et al., 2007).  
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   For the direct method, the simulated velocity distribution along the velocity sample 

points 0.5 mm downstream from the upper teeth was compared with the measured 

velocities. The velocity magnitude measured by the hot-wire anemometer was estimated by 

calculating the velocity vector 𝑢ℎ = (�̃�1
2 + �̃�2

2)1/2
. Mean and RMS values of the velocity 

fluctuation in the replica with LC/LT = 0 and 1.75 are plotted in Fig. 4.14. Since the 

simulation time 0.0132 s was much shorter than the recording time 1.0 s in the experiment, 

variations of the mean and RMS for shortened recording time 0.0132 s were plotted as bars. 

Although the mean values at the peak x1 = -11 mm were slightly overestimated in the 

simulation for both LC/LT = 0 and 1.75, shift of the jet region from LC/LT = 0 to 1.75 was 

captured by the simulation. Moreover, the shift of RMS distributions from LC/LT = 0 to 

1.75 was also captured in the simulation. The overestimated values in the simulation were 

probably caused by the coarse grid size at the separation region downstream of the teeth 

(Kato, et al., 2007). Further agreement might be achieved by refining the grid size nearby 

the upper and lower teeth. 

 

 
Fig 4.12 Instantaneous velocity magnitude in midsagittal plane of 10 million grids (a), 30 

million grids (b), and 45 million grids (c) in coupling method. 
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Fig. 4.13 Mean (a) and RMS (b) of velocity distribution predicted by the coupling 

method at 1.5 mm below the teeth.  

 

 
Fig. 4.14 Mean (a) and RMS (b) values of velocity fluctuation predicted by the direct 

method at 0.5 mm downstream from the upper teeth edge. 

 

4.2.3 Sound Spectrum 

   The frequency spectra of sound at 20 mm from the outlet in the coupling method are 

shown in Fig. 4.15. The spectral shape of 10M and 45M roughly agreed with that of the 

experiment in the frequency range 1 to 5 kHz. The differences between measured and 

estimated values at the frequency below 3.5 kHz were larger than those over 3.5 kHz. 

Those larger values might be decreased by increasing the number of averaging values in 

DFT of flow source since lower frequency sound consists of longer wave length. 

Meanwhile, agreement of the sound level in 10M indicated that the size of far-field region 

in 10M is enough to simulate the sound spectrum at 20 mm from the outlet of the model.  

   The PSD at 3.1 kHz simulated by 30M was 12 dB larger than the measured PSD. The 

sound source in the vocal tract was mainly generated by the velocity fluctuation in the jet 

flow downstream from the teeth gap. Therefore, this larger PSD were probably caused by 

the over prediction of the velocity fluctuation (i.e. RMS values) at the flow separation 

region which was caused by the low grid resolution in 30M. We note that the PSD at 3.1 

kHz simulated in 10M was smaller than the PSD of 30M, since the minimum element size 

near the separation region of 10M was smaller than that of 30M (see Table 4.1). Hence,  
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Fig. 4.15 Frequency spectra of sound predicted by the coupling method at 20 mm from 

outlet of the model. 

 

this result indicates that it is important to increase the grid resolution at the separation 

region downstream from the teeth gap in order to accurately simulate the sound spectrum 

of sibilant /s/. 

   The spectral shapes of the sound estimated by the direct method for the simplified 

geometry with LC/LT = 0 and 1.25 are compared with those of the experimental replica and 

/s/ and /ʃ/ pronounced by the subject in Fig 4.16. The variations of SPL for the subject’s 

pronunciation over the 15 trials are plotted as bars. The maximum SPL discrepancy 

between the replica and subject was less than 5 dB in the frequency range 1.5–15 kHz. 

This indicates that the frequency characteristics of /s/ and /ʃ/ can be represented by sounds 

generated by the replica with LC/LT = 0 and 1.25, respectively, up to 15 kHz. The largest 

SPL difference between the experiment and simulation was observed below 1.5 kHz. This 

difference was probably caused by a small averaging number for DFT because of the high 

computational cost of the simulation, and the no-reflecting boundary condition in the 

numerical simulation, which could not pass the low frequency oscillations (see the 

Appendix B for details).  

   The spectra predicted by the direct method for the realistic replica are shown in Fig. 

4.17. The sounds generated by the acrylic realistic replica as well as by the subject’s /s/ and 

/ʃ/ were compared. The SPLs in the simulation and experiment were collected at 68 mm 

along axis x1. For the realistic geometry of /s/, the first characteristic peak appeared at 5 

kHz and the overall peak appeared at 9 kHz in the same way as the subject’s /s/. The 

maximum discrepancy between the simulation and measurement was less than 12 dB in the 

frequency range 2 to 22 kHz. For the realistic geometry of /ʃ/, the characteristic peak at 4 

kHz was captured by the direct method. These results indicate that the LES on both the 

realistic and simplified geometries can express the sound of subject’s /s/ up to 22 kHz.  

   For the case with the realistic geometry of /s/, a large peak, which did not appear in the 

subject’s /s/, was observed at 9 kHz. This peak was caused by the periodic vortices 

generated at the constriction. In addition, the characteristic peaks observed at 3.5 and 5.5 

kHz for the realistic replica of /ʃ/ were 1 kHz shifted to higher frequency range in the 

simulation. At the constriction of /s/ and /ʃ/, the maximum vertical height of the flow 
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channel is 1.3 mm, and the spatial resolution of the CT images is 0.1 mm for /s/ and 0.5 

mm for /ʃ/. Therefore, we speculate that these phenomena occurred because of the error in 

the surface extraction from the CT images. Further quantification on quality of the 

extracted surface is needed to obtain more accurate result. 

   Nevertheless, the velocity distribution downstream from the teeth and the overall 

spectral shapes of the subject’s /s/ and /ʃ/ were captured by the direct method. Therefore, 

the direct method can be used to accurately simulate the flow and pressure fields inside the 

vocal tract during the pronunciation of /s/ and /ʃ/ sounds. From next section, the flow and 

acoustic fields estimated by the direct method are analyzed and discussed. 

 

 
Fig. 4.16 Spectra of sound pressure in the direct method at x1/h = 82.3 and x2/h = -12.1. The 

spectra of experimentally measured (red solid line) and simulated (blue dash) sound 

pressure with the model at the tongue positions LC/LT = 0 and 1.25 are shown in (a) and (b), 

respectively. Variations of SPL in /s/ and /ʃ/ pronounced by the subject 15 times are plotted 

with black circle and bars. 
 

 
Fig. 4.17 Measured and simulated spectra of sound pressure in the direct method at 68 mm 

from lips for the realistic geometry of /s/ (a) and /ʃ/ (b). Variations of SPL in /s/ and /ʃ/ 

pronounced by the subject 15 times are plotted with black circle and bars. 
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4.3 Detailed Results 

4.3.1 Simplified Vocal Tract Geometry 

   In this section, effects of the tongue position on flow and sound generation in the vocal 

tract are presented by comparing the fields predicted in the simplified geometry when 

LC/LT = 0 and 1.25. Figure 4.18 and 4.19 show the normalized instantaneous velocity 

magnitude |�̃�|/|�̃�|̅̅ ̅̅
max, RMS of the velocity fluctuation |�̃�|rms/|�̃�|̅̅ ̅̅

max, and sound source 

𝜓rms in the vertical (x1–x2) plane at the center x3 = 0. Instantaneous velocity magnitudes 

(Fig. 4.18 (a) and 4.19 (a)) showed that for both LC/LT = 0 and 1.25 the flow that traveled 

from the back cavity caused the maximum velocity at the entrance of the constriction (x1/h 

= -7 for LC/LT = 0, x1/h = -3.5 for LC/LT = 1.25), and the flow left from the constriction 

impinged on the upper teeth (x1/h = 4.6 for LC/LT = 0, x1/h = 8.5 for LC/LT = 1.25). The 

impinged flow directly passed through the gap between the teeth for LC/LT = 0, whereas the 

flow recirculated in the cavity between the tongue and lower teeth (3.1 < x1/h < 6.9) and 

disturbed the flow near the tongue tip for LC/LT = 1.25. After leaving the gap between the 

teeth, the flow impinged on the lower lip surface and left the model.  

   The RMS of the velocity fluctuation (Fig. 4.18 (b) and 4.19 (b)) showed that a large 

velocity fluctuation appeared at a region above the tongue tip (x1/h = 3.8) and downstream 

from the gap between the teeth (x1/h = 4.6) for LC/LT = 0. Meanwhile, for LC/LT = 1.25, a 

large fluctuation appeared above the cavity between the tongue and teeth (x1/h = 3.1) and 

downstream from the gap between the teeth (x1/h = 8.5). The maximum RMS |�̃�|rms/

|�̃�|̅̅ ̅̅
max = 0.27 observed when LC/LT = 0 was larger than the maximum RMS |�̃�|rms/

|�̃�|̅̅ ̅̅
max = 0.21 when LC/LT = 1.25. This difference was caused by the difference in flow 

configuration in the region between the tongue and teeth. While the flow leaving the 

constriction instantly impinged on the upper teeth for LC/LT = 0, the flow leaving the 

constriction was decelerated in the cavity between the tongue and teeth for LC/LT = 1.25. 

The decelerated flow in the model with LC/LT = 1.25 generated smaller velocity 

fluctuations compared with the flow in the model with LC/LT = 0. 

   The RMS of the sound source (Fig. 4.18 (c) and 4.19 (c)) showed that a large source 

fluctuation appeared near the upper and lower teeth (3.8 < x1/h < 5.4) for LC/LT = 0, 

whereas a large fluctuation appeared above the cavity between the tongue and teeth (x1/h = 

3.1) and downstream from the gap between the teeth (x1/h = 8.5) for LC/LT = 1.25. The 

overall distributions and magnitudes of the sound source were correlated with the RMS of 

the velocity fluctuation for both LC/LT = 0 and 1.25. Since the RMS of the velocity 

fluctuation for LC/LT = 0 was larger than that for LC/LT = 1.25, the magnitude of the source 

for LC/LT = 0 was larger than that for LC/LT = 1.25, especially near the upper and lower 

teeth wall.  
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Fig. 4.18 Contour of the flow and source magnitude in the vertical (x1–x2) plane at the 

center x3 = 0 when LC/LT = 0. Instantaneous velocity magnitude (a), RMS of the velocity 

fluctuation (b), and RMS of the sound source (c) are shown. Magnitude of the source is 

plotted in log scale. 

 

 
Fig. 4.19 Contour of the flow and source magnitude in the vertical (x1–x2) plane at the 

center x3 = 0 when LC/LT = 1.25. Instantaneous velocity magnitude (a), RMS of the 

velocity fluctuation (b), and RMS of the sound source (c) are shown. Magnitude of the 

source is plotted in log scale. 
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   To identify the flow configuration in the region where the sound source was generated, 

we calculated the second invariant of the velocity gradient tensor, 𝑞 = ‖𝛀‖2 − ‖𝐒‖2, 

where 𝛀 and 𝐒 are the anti-symmetric and symmetric parts of the velocity gradient 

tensor, respectively. The regions where 𝑞 > 0 represent vortex tubes. Iso-surfaces for 

𝑞/(|�̃�|̅̅ ̅̅
max/ℎ)2 = 2.67 in the simplified model are shown in Fig. 4.20. When LC/LT = 0, 

fine-scale vortices were generated in the region where the jet flow impinged on the upper 

teeth wall (x1/h = 4). In contrast, when LC/LT = 1.25, coarser vortices were distributed in 

the region from the constriction inlet to lip cavity (-4 < x1/h < 10). These differences in the 

flow configuration caused the differences in the source amplitude and distribution that 

were observed in Fig. 4.18 (c) and Fig. 4.19 (c).  

   To compare the amplitude in each frequency component, the spatial mean values of the 

sound source 𝜓Ω are plotted along the x1-axis in Fig. 4.21. For both LC/LT = 0 and 1.25, 

the maximum magnitude was observed at the gap between the teeth (3.8 < x1/h < 5.4 for 

LC/LT = 0, 7.7 < x1/h < 9.2 for LC/LT = 1.25) in all frequencies. Meanwhile, the magnitudes 

near the exit of the constriction (0 < x1/h < 3.8 for LC/LT = 0, 0 < x1/h < 7.7 for LC/LT = 

1.25) and lip cavity (x1/h > 5.4 for LC/LT = 0, x1/h < 9.2 for LC/LT = 1.25) decreased with 

increments of the frequency. Large magnitudes appeared at frequencies of 8.2 kHz, 10.8 

 

 

 

Fig. 4.20 Iso-surfaces of the second invariant 𝑞/(|�̃�|̅̅ ̅̅
max/ℎ)2 = 2.67 in the simplified 

model when LC/LT = 0 (a) and LC/LT = 1.25 (b). The contour of the instantaneous flow 

magnitude in the vertical (x1–x2) plane at the center x3 = 0 is also shown in the model. 
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kHz, and 12.9 kHz within the constriction (-7.7 < x1/h < 0) for LC/LT = 0, whereas large 

magnitude appeared at a frequency of 12 kHz upstream from the constriction (-7.7 < x1/h < 

-3.9) for LC/LT = 1.25. The distinctive periodic fluctuation of the sound source, which 

causes the characteristic peaks of the sibilant fricatives discussed in the previous section, 

was not observed for both cases.  

   The spatial mean values of the pressure field 𝑆𝑃𝐿Ω are plotted along the x1-axis in Fig. 

4.22. Large amplitudes were observed in the frequency range 4.7–9.3 kHz at the channel 

downstream from the constriction (x1/h > -5) for LC/LT = 0, whereas large amplitudes were 

observed in the frequency range 3.5–7 kHz downstream from the constriction (x1/h > -5) 

for LC/LT = 1.25. The large amplitudes at 8.2 kHz and 11 kHz when LC/LT = 0 and 12 kHz 

when LC/LT = 1.25 were caused by the periodic source fluctuation in the constriction 

observed in Fig. 4.21. In contrast, the large amplitudes around 4.7 kHz for LC/LT = 0 and 

around 3.5 kHz for LC/LT = 1.25, which correspond to the characteristic peak frequencies 

of the far-field sound spectrum in Fig. 4.16, were not observed in the source magnitude of 

Fig. 4.21.  

 

 
Fig. 4.21 Spatial mean of the sound source 𝜓Ω in the transverse (x2–x3) plane. (a) LC/LT = 

0, and (b) LC/LT = 1.25. Color bar shows magnitude of sound source along the x1-axis at 

each frequency. 

 

 
Fig. 4.22 Spatial mean of 𝑆𝑃𝐿Ω in the transverse (x2–x3) plane. (a) LC/LT = 0, and (b) 

LC/LT = 1.25. Color bar shows the amplitude of SPL along the x1-axis at each frequency. 
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4.3.2 Realistic Vocal Tract Geometry 

   The instantaneous velocity fields simulated in the realistic vocal tract geometry of /s/ 

and /ʃ/ are shown in Fig. 4.23. In the vocal tract of /s/, the jet flow left from the constriction 

directly impinged on the upper teeth and was disturbed near the lower lip surface. The 

disturbed flow left for the upper side of the lip cavity. In the vocal tract of /ʃ/, the jet flow 

left from the constriction was disturbed in the cavity between the tongue and lower teeth. 

Then, the jet accelerated at the gap between teeth and left for the lower side of the lip 

cavity. Since the constriction size of /ʃ/ was wider than that of /s/, the maximum velocity 

magnitude in the vocal tract of /ʃ/ was lower than the maximum of /s/. 

   The mean velocity, RMS of velocity fluctuation, and RMS of sound source on the 

mid-sagittal plane of the realistic geometry of /s/ and /ʃ/ are shown in Fig. 4.24. The 

maximum mean velocity at the constriction was |�̃�|̅̅ ̅̅
max = 50.1 m/s in the vocal tract of /s/ 

and |�̃�|̅̅ ̅̅
max = 33.4 m/s in the vocal tract of /ʃ/. The cores of the jet flow appeared at the 

constriction and the gap between teeth in the vocal tract of /ʃ/, whereas the core appeared 

only at the constriction in the vocal tract of /s/. In the vocal tract of /ʃ/, large RMS values of 

velocity fluctuation were observed in the mixing layer of the jet flow. Meanwhile, the large 

RMS values of the velocity fluctuation occurred by the impingement of the jet on the lip 

surface in the vocal tract of /s/. The large magnitude of the sound source appeared from the 

gap between teeth to the middle of the lip cavity in /s/ whereas the large magnitude of the 

source appeared from the cavity between tongue and teeth to the lip cavity. 

   To examine the directivity pattern of the propagating sound from the realistic geometry 

in this simulation, the pressure amplitudes in the frequency range 6.3 to 9.8 kHz are 

depicted in Fig. 4.25. In the same way shown in section 2.2.1, the pressure amplitude in the 

sagittal plane was larger at the center of the lips than at the above and below of the lip 

center (the angle around 0° and 180° in section 2.2.1). The directivity was increased with 

the increment of the frequency in the same way as observed in the experiment. However, 

the large troughs observed in the experiment with lips at 6.1 kHz (Fig. 2.16) did not appear 

in the far-field region of the simulation.  

   The iso-surfaces of the second invariant of velocity gradient tensor in the vocal tract 

are shown in Fig. 4.26. Since the second invariant consists of an anti-symmetric part which 

represents the rotational movement and a symmetric part which represents the parallel 

movement, positive values of the second invariant indicate the vortex configuration. From 

the comparison of the vortex configuration between /s/ and /ʃ/, we observed that the flow 

disturbed mainly at the gap between teeth in /s/ whereas the flow disturbed at the cavity 

between tongue and teeth in /ʃ/. 

   The velocity field and iso-surfaces of pressure �̅� = 10
5
 are shown in Fig. 4.27. To 

visualize the 3D velocity configuration from the side view, the volume rendering on the 

velocity above 2 m/s was calculated by the software ParaView 5.0.1 

(https://www.paraview.org). By visualizing the pressure by the iso-surfaces, the sound 

propagating from the vocal tract can be observed (details: https://youtu.be/qOaH9ssZCcc). 

The difference in a state of the sound propagation between the vocal tract of /s/ and /ʃ/ was 

not observed from the videos. 

https://www.paraview.org/
https://youtu.be/qOaH9ssZCcc
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Fig. 4.23 Three-dimensional instantaneous velocity distributions (a-b) and mid-sagittal 

plane of instantaneous velocity field (c-d) in the realistic vocal tract geometry of /s/ and /ʃ/, 

respectively.  
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Fig. 4.24 Mean velocity (a-b), RMS of velocity (c-d), and RMS of sound source (e-f) on 

the mid-sagittal plane of realistic vocal tract geometry /s/ and /ʃ/, respectively.   

 

 
Fig. 4.25 Pressure amplitude inside and outside of the realistic vocal tract geometry for /s/. 
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Fig. 4.26 Iso-surfaces of second invariant in the vocal tract of /s/ (a) and /ʃ/ (b). 

 

 

 
Fig. 4.27 Velocity fields and iso-surface of pressure (white) for the vocal tract of /s/ (a) and 

/ʃ/ (b). 
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4.3.3 Relationship between Simplified and Realistic Geometry 

   Instantaneous velocity magnitudes in the mid-sagittal plane of the realistic geometry of 

/s/ and the simplified geometry with the tongue position LC/LT = 0 are shown in Fig. 4.28. 

The velocity magnitude was normalized by the maximum mean velocity |�̃�|̅̅ ̅̅
max= 50.1 m/s 

for the realistic geometry or |�̃�|̅̅ ̅̅
max = 43.6 m/s for the simplified geometry. The 

longitudinal coordinate x1 was normalized by the length L = 10 mm between the maximum 

constriction (or the center of the constriction) and the lower teeth. In the realistic geometry 

of /s/, the maximum velocity appeared at the middle of the constriction x1/L = 0.5, and the 

jet flow left from the constriction impinged on the upper teeth x1/L = 0.7. Then, the 

impinged flow separated from the upper teeth surface x1/L = 1, and formed a large velocity 

fluctuation nearby the lower lip surface x1/L = 1.5. The flow nearby the lower lip surface 

traveled towards the upper lips and left for the lip cavity. In the simplified geometry, 

similar flow configuration was observed from the back cavity to the lip cavity.  

   In order to evaluate the flow field, the maximum mean velocity, RMS of the velocity 

fluctuation, and RMS of the sound source in the mid-sagittal plane of /s/ are plotted along 

the axis x1 in Fig. 4.29. The mean velocity upstream from the constriction rapidly increased 

in the simplified geometry whereas the mean velocity gradually increased in the realistic 

geometry. The mean velocity of the flow left from the constriction once decreased near the 

upper teeth x1/L = 1, and increased by the separation from the upper teeth surface x1/L = 

1.1, then again decreased towards the lip cavity in both geometries. RMS of the velocity 

fluctuation increased from the inlet of the constriction, and reached the maximum nearby 

the upper teeth surface x1/L = 1, and then decreased towards the lip cavity in both geometry. 

Meanwhile, RMSs at the constriction inlet x1/L = 0 and at the upper teeth edge x1/L = 1.2 in 

the simplified geometry were larger than those in the realistic geometry. RMS of the sound 

source showed that the magnitude of the source increased at upstream from the constriction 

x1/L = -0.5 and reached the maximum near the upper teeth surface x1/L = 1, and decreased 

towards the far-field for the both geometries. 

   Instantaneous velocity magnitudes in the mid-sagittal plane of the realistic geometry of 

/ʃ/ and the simplified geometry with the tongue position LC/LT = 1.25 are shown in Fig. 

4.30. The velocity magnitude was normalized by the maximum mean velocity in the same 

way as Fig. 4.28. The longitudinal coordinate x1 was normalized by the length L = 10 mm 

between the maximum constriction (or the constriction exit) and the lower teeth. In the 

realistic geometry of /ʃ/, the maximum velocity appeared at the maximum constriction x1/L 

= 0, and the jet flow left from the constriction recirculated in the cavity between tongue 

and lower teeth at x1/L = 0.4. Then, the disturbed flow at the cavity accelerated at the gap 

between teeth x1/L = 0.9, and formed a large velocity fluctuation nearby the lower lip 

surface x1/L = 1.2. The flow nearby the lower lip surface traveled along the lower lip 

surface and left the lip cavity. In the simplified geometry, similar flow configuration was 

observed from the back cavity to the lower lip surface.  

   The maximum mean velocity, RMS of the velocity fluctuation, and RMS of the sound 

source in the mid-sagittal plane of /ʃ/ are plotted along the axis x1 in Fig. 4.31. The mean 

velocity upstream from the constriction rapidly increased in both the realistic and 
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simplified geometries. The mean velocity of the flow left from the constriction once 

decreased near the lower teeth x1/L = 0.5, and increased by the gap between teeth at x1/L = 

0.8 in the realistic geometry and at x1/L = 1 in the simplified geometry. Then, the mean 

velocity decreased towards the lip cavity in the both geometries. RMS of the velocity 

fluctuation increased from the inlet of the constriction, and reached the maximum nearby 

the upper teeth surface x1/L = 1, and then decreased towards the lip cavity in the both 

geometries. RMS of the sound source showed that the magnitude of the source increased at 

upstream from the constriction x1/L = -0.5 and reached the maximum near the upper teeth 

surface x1/L = 1, and decreased towards the far-field for the both geometries. The 

amplitude of the sound source in the vocal tract of /ʃ/ was smaller than that in the vocal 

tract of /s/. 

 

 
Fig. 4.28 Mid-sagittal planes of instantaneous flow velocity field in the realistic geometry 

of /s/ (a) and the simplified geometry LC/LT = 0 (b). 
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Fig. 4.29 The maximum mean velocity (a), RMS of velocity (b), and RMS of sound source 

(c) in the mid-sagittal plane of the realistic geometry of /s/ and simplified geometry LC/LT 

= 0. The maximum values are plotted along the axis x1. 

 

 
Fig. 4.30 Mid-sagittal planes of instantaneous flow velocity field in the realistic geometry 

of /ʃ/ (a) and the simplified geometry LC/LT = 1.25 (b). 
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Fig. 4.31 The maximum mean velocity (a), RMS of velocity (b), and RMS of sound source 

(c) in the mid-sagittal plane of the realistic geometry of /ʃ/ and simplified geometry LC/LT = 

1.25. The maximum values are plotted along the axis x1.  
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4.4 Discussion 

4.4.1 Simplified Vocal Tract Geometry 
   The RMS of the velocity fluctuation and the sound source in the simplified vocal tract 

geometry (Fig. 4.18 and 4.19) showed that the large values appeared near the upper and 

lower teeth (3.8 < x1/h < 5.4) for LC/LT = 0, whereas the large values appeared above the 

cavity between the tongue and teeth (x1/h = 3.1) and downstream from the gap between the 

teeth (x1/h = 8.5) for LC/LT = 1.25. These results indicate that the large velocity disturbance 

of the jet flow at the gap between the teeth generates the main sound source of /s/ and at 

downstream from the constriction generates another sound source for /ʃ/. This is consistent 

with the assumption made in previous studies (Stevens, 1971; Shadle, 1985; Howe and 

McGowan, 2005). The magnitude of the source for LC/LT = 0 was larger than that for LC/LT 

= 1.25, especially near the upper and lower teeth wall. This result suggests that the larger 

source magnitude when LC/LT = 0 causes the larger magnitude of SPL in the spectrum of 

LC/LT = 0 compared with LC/LT = 1.25 in the frequency range above 4 kHz shown in Fig. 

4.16 and 4.17. 

   The spatial mean of the sound source (Fig. 4.21) showed that the large magnitudes 

appeared at frequencies 8.2 kHz, 10.8 kHz, and 12.9 kHz within the constriction for LC/LT 

= 0, whereas the large magnitude appeared at frequency 12 kHz upstream from the 

constriction for LC/LT = 1.25. These periodic fluctuations were caused by the periodic 

vortexes generated in the small recirculating region near the inlet of the constriction. 

Yokoyama and Kato (2009) reported that a tonal noise with a Strouhal number 0.8 

(calculated as =fL/U where f is frequency of the tonal noise, L is the cavity length, and U is 

free-stream velocity) was produced by fluid-acoustic interactions in a cavity with 

depth-to-length ratio 0.5 and free stream of Mach number 0.3. By considering that the free 

stream velocity is the mean velocity at the constriction, the tonal noise is expected to be 

produced at 10.3 kHz when LC/LT = 0 and at 9.8 kHz when LC/LT = 1.25. These frequencies 

roughly matched the peaks that we observed in the source fluctuation (Fig. 4.21), 

indicating that the fluid-acoustic interaction occurred in the region between the constriction 

and downstream cavities.  

   In contrast, the large amplitudes around 4.7 kHz for LC/LT = 0 and around 3.5 kHz for 

LC/LT = 1.25, which correspond to the characteristic peak frequencies of the far-field sound 

spectrum in Fig. 4.16, were not observed in the source magnitude. This indicates that the 

pressure amplitude inside the simplified geometry was increased by the acoustic resonance 

in the frequency range of the characteristic peaks.  

   Considering the resonance length in the model geometry, 1/4 wavelengths of the 

frequencies 3.5 kHz and 4.7 kHz are 24.6 mm (x1/h = 18.9) and 18.3 mm (x1/h = 14.1), 

respectively, and these wavelengths match the distances between the large amplitude 

region in the lip cavity (x1/h = 9 for LC/LT = 0, x1/h = 14 for LC/LT = 1.25) and small 

amplitude regions that appeared near the constriction inlet (x1/h = -5). The 1/4 wavelength 

and pressure contour in the simplified geometries are shown in Fig. 4.32. These results 

indicate that the small amplitude region near the constriction inlet and the large amplitude 

region in the lip cavity became the acoustic node and antinode, respectively, and this  
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Fig. 4.32 Pressure amplitudes on vertical (x1 – x2) plane at the center x3 = 0. The 

amplitudes at frequency 3.5 kHz (a-b), and 4.7 kHz (c-d) are shown for LC/LT = 0 and 1.25, 

respectively. The 1/4 wavelengths of corresponding frequencies are shown above the 

contour plot. 

 

acoustic resonance increased the amplitude at the characteristic peak frequencies for LC/LT 

= 0 and 1.25. Consequently, by shifting the tongue position and changing the distance 

between the acoustic node and antinode inside the model, the characteristic peak frequency 

varied and the frequency characteristics of the generated sound changed from /s/ to /ʃ/. 

 

4.4.2 Realistic Vocal Tract Geometry 
   The flow in the lip cavity left along the upper lip surface in the vocal tract of /s/ 

whereas the flow left along the lower lip surface of /ʃ/. This difference is probably caused 

by the lip shape of the subject during the measurement of CT images. Since /ʃ/ was 

pronounce in the word context, the lip was protruded forward compared to the sustained /s/. 

Thus, the flow impinged on the lower lip surface left along the lower lip in the vocal tract 

of /ʃ/ whereas the flow impinged on the lower lip surface of /s/ was deflected and left along 

the upper lip surface. For future work, it is of interest to investigate the effect of flow 

direction in the lip cavity on the sound directivity patterns. 

   The amplitude of the sound source in the vocal tract of /ʃ/ was smaller than that in the 

vocal tract of /s/. This is caused by the difference in the maximum velocity magnitudes at 

the constriction. Since the width of the constriction of /ʃ/ is larger than the width of /s/, the 

maximum velocity as well as the RMS of the velocity fluctuation in the vocal tract of /ʃ/ 

was smaller than those in the vocal tract of /s/. 

   The surface of the realistic geometry of /ʃ/ was rougher than the surface of /s/ because 

of the measurement precision of the CT scan. However, the difference of the sound 

between /s/ and /ʃ/ was produced by the simulation of the direct method. This indicates that 

the difference in the position of the acoustic nodes and antinodes in the pressure amplitude 

observed in the simplified geometry (Fig. 4.32) was also generated in the realistic vocal 

tract geometries of /s/ and /ʃ/. Meanwhile, the overall amplitude of the generated sound 

was larger than the measured sound. This indicates that the magnitude of the source 

fluctuation was increased by the rough surface in the simulation.  
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4.4.3 Relationship between Simplified and Realistic Geometry 
   The flow configuration on the vertical plane at the center of the simplified geometry 

with LC/LT = 0 was similar to the flow configuration observed in the mid-sagittal plane of 

the realistic geometry constructed based on the subject pronouncing /s/. Moreover, the flow 

configuration on the vertical plane of the simplified geometry with LC/LT = 1.25 was 

similar to the flow configuration observed on the mid-sagittal plane of the realistic 

geometry for the subject pronouncing /ʃ/. These results suggest that the simplified vocal 

tract geometry reproduced the source generation mechanisms inside the vocal tract as well 

as the far-field sound of both /s/ and /ʃ/. 

   The RMSs at the constriction inlet x1/L = 0 and at the upper teeth edge x1/L = 1.2 in the 

simplified geometry when LC/LT = 0 were larger than those in the realistic geometry of /s/. 

In contrast, the overall velocity distribution in the realistic geometry of /ʃ/ was reproduced 

by the simplified geometry when LC/LT = 1.25. This is because the flow channel upstream 

of the constriction was gradually narrowed near the maximum constriction by changing the 

tongue position backward. By gradually changing the dimension of flow channel, the flow 

configuration in the simplified geometry became similar to the flow in the realistic 

geometries. In contrast, the differences between the simplified geometry with LC/LT = 0 

and the realistic geometry of /s/ were caused by the sharp edges of the tongue dorsum in 

the simplified geometry. By rounding the edges at the constriction inlet and the upper and 

lower teeth, further agreement on the flow configuration might be achieved.  

   The RMS of the sound source showed that the magnitude of the source increased at 

upstream from the constriction x1/L = -0.5 and reached the maximum near the upper teeth 

surface x1/L = 1, and decreased towards the far-field for the both geometries. These results 

indicate that the accelerated flow in the constriction impinged on the upper teeth surface 

and produces the maximum magnitude of the source at the separation region near the upper 

teeth surface in the both geometries. The comparison of the flow inside the geometries 

showed that the source generation mechanisms in the realistic geometry were well 

represented by the simplified vocal tract geometry. Moreover, these results are consistent 

with the assumptions made in the previous simplified models (Shadle, 1985; Howe and 

McGowan, 2005). In future work, it is desirable to construct the simplified vocal tract 

geometries for the other subjects pronouncing sibilant fricatives and investigate the 

difference of the flow and acoustic properties in the different people. Then, it is expected to 

construct the generally normalized simplified model and understand the fundamental 

phenomena of the sibilant fricative production in all languages. 
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4.5 Summary 
   The aeroacoustic mechanisms of the sibilant fricatives were numerically investigated 

using the simplified and realistic vocal tract geometries. The flow and acoustic fields 

predicted by the direct method considering the LES of compressible flow were validated 

by the experimental measurement. The spectral shapes predicted by the simplified 

geometry with LC/LT = 0 and 1.25 matched those of /s/ and /ʃ/ pronounced by the subject. 

The direct method on the simplified geometry showed that the large magnitude of the 

velocity fluctuation and its source appeared near the upper and lower teeth walls when 

LC/LT = 0, whereas it appeared above the tongue tip and downstream from the gap between 

the teeth when LC/LT = 1.25. The magnitude of the source was decreased by increasing 

LC/LT from 0 to 1.25 because the flow decelerated in the cavity between the tongue and 

teeth. 

   The magnitudes of the sound source decreased with increments of the frequency 

downstream from the constriction, and periodic fluctuation of the source was not observed 

in the frequency range of the characteristic peak frequencies. In contrast, 𝑆𝑃𝐿Ω 

downstream from the constriction was increased at 4.7 kHz for LC/LT = 0 and at 3.5 kHz 

for LC/LT = 1.25. These results indicate that the characteristic peaks of the generated 

sounds are caused mainly by the acoustic resonance downstream from the constriction. 

Although the narrow flow channel is occupied by the turbulent flow, we found that the 

different frequency characteristics between /s/ and /ʃ/ were produced by changing the 

tongue position and the acoustic node position formed by the constricted channel.  

   The flow and acoustic fields in the simplified geometry were compared with those in 

the realistic geometries of /s/ and /ʃ/. Results suggested that the simplified vocal tract 

model reproduced the source generation mechanisms inside the vocal tract as well as the 

far-field sound of both /s/ and /ʃ/. By rounding the edges at the constriction inlet and the 

upper and lower teeth, further agreement on the flow and acoustic fields might be 

achieved.  
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Chapter 5. Conclusion and Perspective 

The central goal of this thesis has been to understand the aeroacoustic mechanisms of 

the sibilant fricative production. The approaches of working in three domains: the 

mechanical replicas, the theoretical modeling, and the numerical simulations have allowed 

us to examine the physical phenomena in an appropriate context. The mechanical replicas 

and experimental measurements enabled to simplify the vocal tract geometry and explore 

the fundamental geometry for the pronunciation of /s/ and /ʃ/. The theoretical modeling 

allowed us to capture the nodes and antinodes in the acoustic pressure distribution inside 

the vocal tract as well as the amplitude and frequency of the characteristic peaks observed 

in the subject’s /s/. The numerical simulation enabled to capture the source distribution and 

a role of the acoustic resonance on the frequency characteristics of /s/ and /ʃ/. The 

summary of results and merits obtained from the three domains is depicted in Fig. 5.1 with 

the table of previous studies. Further detailed conclusion and perspective for further work 

are presented below. 

 

5.1 Summary of Results and Conclusion 

   In Chapter 2, the experimental measurements were conducted by using the realistic and 

simplified replicas. By using the realistic replica, acoustic pressure distribution patterns 

were measured on a vocal tract replica of sibilant /s/ with and without lips. It was found 

that complex pressure patterns with differences in amplitude of approximately 10 dB occur 

with and without lips for frequencies above 4 kHz. The lip horn enhances the pressure 

amplitude up to 15 dB at the center of the lips in both transverse and sagittal plane in the 

frequency range above 5 kHz. These tendencies were observed in the near-field and  

 

 
Fig. 5.1 Summary of results and merits for each approach. 
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far-field measurements with the acoustic source, and in the measurements with flow supply. 

The comparison between the near-field and far-field measurements showed that more 

precise directivity pattern can be achieved by the near-field measurement compared to the 

far-field measurement. The comparison between the compression driver and flow source 

showed that the pressure distribution pattern is affected by the vocal tract geometry rather 

than by the source characteristics. The presented experimental results motivate further 

studies involving spatially detailed directivity pattern measurements for different 

phonemes using the vocal tract replicas in combination with an acoustic source in order to 

further study the effect of the lip horn as well as to study the acoustic pressure patterns for 

different phoneme geometries. Furthermore, the perceptual relevance of these findings 

needs to be further investigated. 

   By using the simplified replica, the effects of tongue position as well as the tongue 

shapes on the acoustic properties were assessed. The simplified replica reproduced the 

change in main peak frequency of /s/ and /ʃ/ by changing the tongue position LCA = 4 to 6 

and removing the tongue tip, whereas the simplified replica reproduced the change in 

OASPL of /s/ and /ʃ/ by widening the constriction width. These geometries were consistent 

with the dimensions estimated in the subjects CT images, indicating that the dimensions of 

the replica with tongue model 1 at LCA = 4 mm and tongue model 4 at LCA = 6 mm are 

physiologically reasonable and represent the geometric features of the vocal tract 

pronouncing /s/ and /ʃ/, respectively. In future work, based on the effect of geometrical 

factors observed in this experiment, the tongue shapes and positions for the different 

subjects’ sustained /s/ and /ʃ/ can be predicted through employing the mechanical 

experiments. 

   In Chapter 3, the multimodal theory was applied to the simplified geometry for two 

different source positions, at the vocal tract inlet and downstream from the constriction 

representing the sibilant groove. For the experimental validation, the acoustic driver and 

flow supply were applied to the inlet of the simplified geometry. The predicted and 

measured pressure distributions for the source at the inlet agreed well when acoustic 

higher-order modes were taken into account. The first characteristic peak of sibilant /s/ 

measured for airflow supply was reproduced by placing the source downstream from the 

constriction (centers of sections 3–6). Moreover, general tendencies of the measured 

spectra were obtained with the source near the upper teeth wall. This result indicates that 

the main source in the simplified vocal tract of /s/ appears near the upper teeth wall. Note 

that the first characteristic peak was captured by the plane wave model in the same way as 

with the one-dimensional model (Howe and McGowan, 2005). However, the comparison 

with flow experiment suggests that higher-order modes have to be taken into account to be 

able to capture the higher mode peak. Indeed, the second peak at 8 kHz was also observed 

in a spectrum of European Portuguese speakers’ /s/ (Jesus and Shadle, 2002) and previous 

simplified model (Shadle, 1985), and it is desirable to study the mechanisms of the second 

peak in future study. 

   For the frequency of the first peak, the maximum value in the pressure distribution 

appears within the cavity between the constriction and the upper teeth. The maximum 

value remained in the same cavity when the position of the source was varied from section 
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3 to section 6. This result shows that the antinode of the first characteristic peak appears 

within the cavity between the constriction and the upper teeth. For the frequency of the 

second peak, node and antinode appeared near the constriction exit and downstream of the 

lower teeth, and positions of the node and antinode were shifted downstream and upstream, 

respectively, by changing the source location. These results indicate that the multimodal 

approach allows us to capture the nodes and antinodes in the pressure distribution inside 

the vocal tract as well as the amplitude and frequency of the peaks observed in the 

subject’s /s/. 

   In Chapter 4, the aeroacoustic mechanisms of the sibilant fricatives were numerically 

investigated using the simplified and realistic vocal tract geometries. The flow and acoustic 

fields predicted by the direct method considering the LES of compressible flow were 

validated by the experimental measurement. The spectral shapes predicted by the 

simplified geometry with LC/LT = 0 and 1.25 matched those of /s/ and /ʃ/ pronounced by 

the subject. The direct method on the simplified geometry showed that the large magnitude 

of the velocity fluctuation and its source appeared near the upper and lower teeth walls 

when LC/LT = 0, whereas it appeared above the tongue tip and downstream from the gap 

between the teeth when LC/LT = 1.25. The magnitude of the source was decreased by 

increasing LC/LT from 0 to 1.25 because the flow decelerated in the cavity between the 

tongue and teeth. 

   The magnitudes of the sound source decreased with increments of the frequency 

downstream from the constriction, and periodic fluctuation of the source was not observed 

in the frequency range of the characteristic peak frequencies. In contrast, the special mean 

of the pressure field downstream from the constriction was increased at 4.7 kHz for LC/LT 

= 0 and at 3.5 kHz for LC/LT = 1.25. These results indicate that the characteristic peaks of 

the generated sounds are caused mainly by the acoustic resonance downstream from the 

constriction. Although the narrow flow channel is occupied by the turbulent flow, we found 

that the different frequency characteristics between /s/ and /ʃ/ were produced by changing 

the tongue position and the acoustic node position formed by the constricted channel.  

   The flow and acoustic fields in the simplified geometry were compared with those in 

the realistic geometries of /s/ and /ʃ/. Results suggested that the simplified vocal tract 

model reproduced the source generation mechanisms inside the vocal tract as well as the 

far-field sound of both /s/ and /ʃ/. By rounding the edges at the constriction inlet and upper 

and lower teeth, further agreement on flow and acoustic fields might be achieved.  

   In conclusion, the aeroacoustic mechanisms of the sibilant fricative production can be 

described by three factors: the jet flow configuration, the source position, and the acoustic 

resonance in the vocal tract. The jet flow configuration determines the position and 

amplitude of the sound source. The source position and the acoustic resonance affect the 

frequency characteristics of generated sound. Therefore, the vocal tract geometry has to be 

formed considering the interactions among those three factors to produce the sibilant 

fricatives.  
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5.2 Perspective for Future Work 

   In the current study, the aeroacoustic mechanisms of the sibilant fricative production 

were investigated by using the realistic and simplified vocal tract geometries. First of all 

procedure, the flow velocity distribution in the actual vocal tract of /s/ was observed by 

constructing the realistic replica (Nozaki et al., 2014). However, we could not explain the 

aeroacoustic mechanisms in the vocal tract only using the realistic replica and the 

experimental measurement. Thus, we constructed the simplified replica by using the 

knowledge obtained from the realistic replica. By changing the position and dimensions of 

the tongue model, the frequency characteristics of /s/ and /ʃ/ were reproduced. Moreover, 

the multimodal modeling and the aeroacoustic simulations on the simplified geometry 

enable to observe the aeroacoustic phenomena in the vocal tract. Through the analysis on 

the simplified geometry, the phenomena observed in the realistic geometry (by the both 

experiment and simulation) could be explained in detail. This process suggests that the 

feedback loop of results between the realistic and simplified models (Fig. 5.2) was the 

most important part to understand the aeroacoustic mechanisms of sibilant fricative 

production. In the next step, it is expected to construct the models for different subjects and 

understand the fundamental phenomena of the sibilant fricative production in all 

languages.  

   In addition, further understanding of the speech production of the sibilant fricatives in 

word contexts can be expected. In the word context, the fricative consonants are 

pronounced using co-articulation between the vowel and consonant production. For this 

problem, the inverse analysis of the tongue muscle stress was proposed by our group 

(Koike et al., 2017) to estimate the muscle activation in the pronunciation (Fig. 5.3). 

Through this analysis, the vocal tract geometry during the word pronunciation can be 

estimated, and further analysis of the aeroacoustic mechanisms in the word pronunciation 

can be analyzed by combining the estimated geometry and aeroacoustic simulations.  

 

 
Fig. 5.2 Feedback loop between the realistic and simplified models. 
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And also, by applying the simulation to jaw bones of ancient people, origin of speech 

ability can be examined in the field of Evolutionary Linguistics. 

   Moreover, visualization of the aeroacoustic phenomena using the large-scale 

visualization system is expected to help the understanding of the speech production and 

support the speech therapy. By using the large-scale visualization system and 3D glasses, 

the turbulent flow structure in the vocal tract can be observed in a 3D field and discussed 

with many people including speech therapists and dentists. The state of a meeting with the 

visualization system projecting the detailed vortex structure of Fig. 4.23 is shown in Fig. 

5.4. Further development of the visualization system for the speech production as well as 

the supports for the speech therapy using the computational analysis of aeroacoustic 

mechanisms are expected in future work.   

 

 
Fig. 5.3 Reference shape of the tongue model (i) and estimated shape and muscle 

contraction stresses for the forward protrusion (ii) and upward bending (iii) (Koike et al., 

2017). 

 

 
Fig. 5.4 Visualization using large-scale visualization system. Red indicates the vocal tract 

geometry and blue indicates the vortex structure (http://vis.cmc.osaka-u.ac.jp). 

 

  

http://vis.cmc.osaka-u.ac.jp/
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Appendix A 

Examples of Sound Spectra of Japanese Sibilant Fricatives 

   Figure A1 shows the examples of sound spectra of /s/ and /ʃ/ for five Japanese male 

subjects. The fricatives are sustained in the word contexts /usui/ or /m
j
isoʃirɯ/ (misoshiru), 

and sounds are measured 30 cm from the lips. Details of experimental setups are described 

in section 2.1.4. 

 

 
Fig. A1. Examples of sound spectra of Japanese sustained sibilant fricatives. 
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Appendix B  

Validation of the Experimental Setup and Simulation Condition 

   To confirm that the experimental room was sufficiently quiet, we compared the 

spectrum of the back ground noise (BGN) with that of the sound generated by the model 

(Fig. 14). The high SPL values around 172 Hz were probably caused by noise in the data 

acquisition system. We also confirmed that the noise was not generated by the signal 

sampling, using the anti-aliasing filter (low-pass filter 22.4 kHz). Since SPLs above 1 kHz 

were less than 25 dB, and the differences between BGN and characteristic peak amplitudes 

were over 40 dB, we conclude that the experimental room and measurement equipment 

were sufficiently quiet for measuring sibilant fricatives. 

   To confirm that the flow and acoustic fields were developed in the simulation, the 

number of iterations was increased from 13.5 × 10
4
 to 17.5 × 10

4
 (time from 0.016 s to 

0.02 s) when LC/LT = 0. The spectra predicted by the simulations are shown in Fig. 15. The 

amplitude of the sound did not significantly increase, and the maximum discrepancy was 

less than 1 dB in the frequency range 0–16 kHz. Therefore, the flow and acoustic fields 

were developed in the frequency range in which sibilant fricatives occur. The amplitude at 

391 Hz was slightly lower for the 0.003–0.02 s period (59.7 dB) than for the 0.003–0.016 s 

period (60.6 dB). This indicates that amplitudes for frequency below 2 kHz will probably 

decrease if the sampling time is increased up to 1 s. 

   To confirm that boundary reflection was negligible, we examined a movie of the 

pressure fluctuations (�̅� − �̅�Mean) in the time series (Fig. 16). The frame rate of the movie 

was 10 fps and each frame was sampled at 100 kHz in the simulation. Thus, the total 

duration of the movie was 0.001 s in simulation time (10 s in real time). The movie showed 

that large pressure amplitude propagated mainly around 10 kHz through the far-field 

region, and the reflection was almost negligible at frequencies above 1 kHz. 

 

 
Fig. B1. Spectra of sound measured at 90 mm from the model and back ground noise 

(BGN). 
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Fig. B2. Spectra of sound pressure at x1/h = 82.3 when LC/LT = 0. The spectrum predicted 

in the 0.003–0.016 s period was compared with that predicted in the 0.003–0.02 s period. 

 

 
Fig. B3. The pressure fluctuation (�̅� − �̅�Mean) in time series when LC/LT = 0. 
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