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Abstract

Compressible large eddy simulation is employed to numerically investigate the laryngeal flow. 

Symmetric static models of the human larynx with a divergent glottis are considered, with the 

presence of false vocal folds (FVFs). The compressible study agrees well with that of the 

incompressible study. Due to the high enough Reynolds number, the flow is unsteady and 

develops asymmetric states downstream of the glottis. The glottal jet curvature decreases with the 

presence of FVFs or the ventricular folds. The gap between the FVFs stretches the flow structure 

and reduces the jet curvature. The presence of FVFs has a significant effect on the laryngeal flow 

resistance. The intra-glottal vortex structures are formed on the divergent wall of the glottis, 

immediately downstream of the separation point. The vortices are then convected downstream and 

characterized by a significant negative static pressure. The FVFs are a main factor in the 

generation of stronger vortices, and thus on the closure of the TVFs. The direct link between the 

FVFs geometry and the motion of the TVFs, and by extension to the voice production, is of 

interest for medical applications as well as future research works. The presence of the FVFs also 

changes the dominant frequencies in the velocity and pressure spectra.
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1. Introduction

During human speech, the vocal folds are excited into self-sustained oscillations by the lung 

pressure that is applied to their inferior surfaces. The true vocal folds (TVFs) motion 

modulates the area between the vocal folds to an alternating convergent (during opening) 

and divergent (during closing) glottal duct. In computational models of normal phonation, it 

is usually assumed that the the larynx is symmetric relative to the anterior-posterior mid-

plane and the TVFs vibrate in a symmetric fashion. However, the intra-glottal flow structure 

can be asymmetric despite of geometrical symmetry (Scherer et al., 2001, 2002; Shinwari et 

al., 2003; Mihaescu et al., 2007). At low flow rates, the glottal flow is laminar and can be 

attached or skewed to one of the folds due to the Coanda effect (Cherdron et al., 1978; Tsui 

and Wang, 1995). This phenomenon is typically observed for steady flow conditions 

(Pelorson et al., 1994; Hofmans et al., 2003; Scherer et al., 2001; Shinwari et al., 2003; 

Kucinschi et al., 2006). Also, asymmetric flows can naturally occur during phonation due to 

asymmetries in the vocal fold geometry.

The impact of the FVFs, or the ventricular folds, on the trans-glottal flow has also been 

studied (Scherer et al., 1983; Ikeda et al., 2001). The FVFs redirect skewed flow from the 

glottis and cause enhancement of low pressure in the glottis (Miller et al., 1988; Pelorson et 

al., 1994; Mihaescu et al., 2013). The FVFs also influence the vortical structures and 

pressure in the larynx. Miller et al. (1988) observed significant pressure recovery and jet 

reattachment with the presence of FVFs. An experimental study in a rigid laryngeal model 

suggested that FVFs straighten the glottal jet flow and reinforce its quasi-two-dimensionality 

(Chisari et al., 2011). The visualization results obtained in a 3:1 up-scaled dynamic glottis 

model in a water circuit showed that pressure loss is decreased when a second constriction is 

added downstream the glottis and the glottal jet is stabilized in the divergent phase of the 

cycle (Triep and Brücker, 2010). Bailly et al. (2008) concluded that asymmetrical seem 

quite limited under unsteady flow conditions created by a dynamical vocal fold replica. 

McGowan and Howe (2010) found that the rigid ventricle folds have negligible effect on the 

voice source when the vocal fold movement is specified by a simple mathematical model. 

The reason might be that the flow unsteadiness caused by the wall movement appears to be 

only significant in the case of the straight uniform vocal fold replica (Deverge et al., 2003). 

Numerical studies showed that the glottal jet can impinge on the FVFs, leading to a high-

frequency dipole sound source (Zhang et al., 2002, e.g.). Using a rigid replica combining 

TVFs and FVFs, Agarwal (2004) linked the trans-laryngeal airflow resistance to the 

laryngeal geometry. However, Kucinschi et al. (2006) found that the pressure drop in the 

models with FVFs are very similar to those without FVFs at the same volumetric flow rate. 

Iijima et al. (1992) found that the effect of the FVFs was less significant for a convergent 

glottal shape than for a divergent or uniform shape.

With the development in computer technology and numerical methods, Computational Fluid 

Dynamics (CFD) has been used in a large range of applications. Unsteady CFD tools have 

investigated two-dimensional, axisymmetric, and three-dimensional glottal configurations 

with and without vocal fold motion (Zhao et al., 2002; Zhang et al., 2002; Hofmans et al., 

2003; Alipour and Scherer, 2004; Suh and Frankel, 2007; Mihaescu et al., 2010). Only a few 

studies have been discussed on the effects of the FVFs. Farahani et al. (2013) investigated 
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the incompressible laryngeal flow for a geometry including FVFs, but did not account for 

the divergent phase in the cycle of the TVFs. Also, other studies have considered the 

reconstruction of subject-specific geometries using computed tomography data such as the 

work by (Bakhshaee et al., 2013). Xue et al. (2014) analyzed the phonation cycle using flow 

structure interaction (FSI) and an incompressible solver for the Navier-Stokes equations. 

Nevertheless, most of the research to date has tended to focus on parametric models, which 

remains a way to isolate and understand better the contribution from specific parts of the 

larynx to the human phonation.

The present study numerically explores the unsteady trans-glottal flow structure during the 

divergent phase of the TVFs motion. In order to investigate the FVFs effects, static 

laryngeal models with and without the presence of the FVFs just downstream the TVFs are 

considered. Time-averaged velocity and pressure, as well as their fluctuations, are utilized in 

the discussion. Spectral analyses of frequency are performed to find the flows dominant 

frequency mode. The FVFs effects on the flow resistance and on the developed instabilities 

are also discussed.

2. Methods

Unsteady large eddy simulation (LES) (Fluent Inc.®) is employed to investigate the 

incompressible and the compressible laryngeal airflows. This solver has been validated in 

previous studies (Mylavarapu et al., 2009; Mihaescu et al., 2011). Nine three-dimensional 

static and diverging larynx models with and without FVFs are considered. Fig. 1 shows the 

schematic of the two-dimensional cross-section of the baseline (without FVFs) (a) and of the 

symmetric larynx model with FVFs (b) as well as its main dimensions. A three-dimensional 

view of the baseline model is also shown (c). The length of the sub-glottal region is 10 mm. 

The TVFs shape is characterized by a 20° divergent angle corresponding to the closing 

phase of the phonation cycle. The x-y plane represents the axial plane, the x-z plane 

represents the sagittal plane and the y-z plane represents the coronal plane. The 

computational domain consists of a square cross-section of 15.24 mm × 15.24 mm in the 

axial plane, and 60 mm in the stream-wise direction (z). The length of the glottis is the same 

as that of the false folds and of the computational cross-section, 15.24 mm. The glottal width 

(Dg), which is the minimum distance between the TVFs, is 1.6 mm. The FVFs shape is 

characterized by a 40° divergent angle. Two ventricle sizes (hv) are considered to investigate 

the influence of the cavity resonance on the flow structures, so the FVFs are placed 

downstream from the glottal exit at 6 mm and 2.67 mm. The geometry and sizes are similar 

to Kucinschi et al. (2006). Four sets of flow gap between the FVFs (DFV F) are considered in 

this study: 3 mm, 4.5 mm, 6.23 mm and 8.58 mm, respectively. These values fall in the 

range studied by Agarwal (2004). The length of the supra-glottal region varies from case to 

case because the total stream-wise length of the computational domain is kept constant at 60 

mm. The computational domain is discretized into approximately 1.5 × 106 unstructured 

hexahedral mesh volumes.

Second order finite volume schemes are employed to discretize the flow governing 

equations on the computational domain. The time integration is performed using an implicit 

second order discretization scheme. The semi-implicit method for pressure-linked equation 
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(SIMPLE) algorithm is applied to solve the coupling between the pressure field and velocity 

field (Patankar and Spalding, 1972). The wall-adapting local eddy-viscosity (WALE) model 

is employed as the subgrid-scale model in this study (Nicoud and Ducros, 1999). The 

simulations are conducted under uniform inlet and outlet pressure boundary conditions. To 

follow the study performed by Mihaescu et al. (2013), the trans-glottal pressure is 687 Pa (7 

cm H2O), which corresponds to a normal conversation level. The Reynolds number based on 

the glottal width is around 3600 at the narrowest location of the glottis. The compressible 

flow solver is employed for a complete characterization of the flow field in the tract. No-slip 

boundary conditions for velocity are set at the solid boundaries of the computational 

domain. A converged solution based on a steady state RANS solution with standard k-ε 

turbulence model is used to initialize the LES simulations. The time step used in the study is 

Δt = 2.0 × 10−5s. The mean flow quantities are statistically averaged over a period of 10,000 

time-steps. Based on the time step and the total running time, the frequencies can be 

computed in the range of 5–50,000 Hz.

3. Results

The general behavior of the flow in the baseline glottal configuration, without FVFs, is 

investigated. Then, the flow through different glottal configurations that include the FVFs is 

explored to establish a connection between the flow structures.

3.1. Baseline Case: no FVFs

This study sets out to be a foundation to a broader range of investigations such as the 

acoustic effects of FVFs on the human phonation. The compressible flow solution includes 

acoustic information, since the unsteady compressible Navier-Stokes equations describe 

both the vortical field and the aerodynamically generated sound. Thus a compressible solver 

is preferred over an incompressible one. It is assumed that the Reynolds number is low 

enough to assume that incompressible and compressible solvers will show similar results, 

due to the low flow rates that occur in the human larynx. The baseline case (without FVFs) 

is computed for the two solvers and velocity components are extracted along the line going 

through the TVFs where the Reynolds number is the largest. As one can see on fig. 2 the 

comparison of the two cases allows considering that in the region nearby the throat, the 

compressible solution is very similar to the incompressible flow. From now on, only the 

compressible solution will be discussed.

The characteristic frequencies in the flow field are examined using velocity and pressure 

spectra. The spectra are obtained by recording the axial velocity and static pressure time-

history at monitoring points and performing discrete Fourier transforms on these data sets. 

Fig. 3 (a) shows two monitoring points in the baseline case, point M1 is located in the glottal 

area while M2 is positioned downstream of the glottal exit. Monitoring point M2 is chosen 

to be outside of the glottal flow, in order to capture radiating pressure waves from the jet. 

Fig. 3 (b) shows the velocity spectrum at point M1 while Fig. 3 (c) shows the pressure 

spectrum at point M2. The dominant frequencies at these two points, and in many additional 

points are found to be at 2525 Hz. Based on the minimum glottal width (Dg) and the mean 

velocity of the glottal jet at this location (W ~ 32.8 m/s), the Strouhal number (St = fDg/W) is 

0.12. It was found that high frequency induced by vortex shedding in the supra-glottal 
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region is related to shear layer instability (Mihaescu et al., 2010). Experimental studies 

found the Strouhal number of vortex shedding is approximately 0.145 for glottal flows with 

the Reynolds number roughly 2000 (Kucinschi et al., 2006; Zhang et al., 2004). This is 

slightly higher than that in our finding.

3.2. False Vocal Folds Effects

The time-averaged axial velocity distributions in the mid-coronal plane (y-z mid-plane) of 

all eight cases with FVFs are shown in Fig. 4. The ventricle length, hv represents the 

distance between the TVFs and the FVFs. As seen in Fig. 4 (a) (hv = 2.67 mm), the flow is 

shifted towards the top wall. While in Fig. 4 (b) (hv = 2.67 mm), the flow is skewed towards 

the other side. In order to simplify the discussion in the following sections, the side which 

the flow attaches to is called ‘flow side’ while the side which the flow separates from is 

called ‘no-flow side’. The glottal jet skews less as the gap, DFV F is decreasing. This trend is 

slightly more accentuated as hv is increased. In the cases that the glottal jet is completely 

straightened downstream of the TVFs, it still deflects downstream of the FVFs. With the 

same pressure drop applied from the inlet to the outlet of the computational domains, the 

narrower the DFV F is, the larger the maximum velocity in the glottis is.

The time-averaged and rms axial velocity profiles through the TVFs and the FVFs are 

presented in Figs. 5 and 6. The six places chosen are at the location of minimum glottal area 

between TVFs, the exit of TVFs, halfway between TVFs and FVFs, the throat, halfway, and 

exit of the FVFs. As noticed in Fig. 4, the jet is bistable, skewing randomly to either side of 

the folds. In order to compare the jet velocity mean and rms profiles, the jets that were tilted 

towards the upper wall were mirrored relative to the centerline such that they match the tilt 

downwards. The narrower the DFV F is, the closer the jet is to the centerline. DFV F also 

plays an important role on the rms axial velocity. As the FVFs gap decreases, the rms on the 

detached side of the jet increases. This trend is clearer with the smaller ventricle.

The normalized flow resistance with respect to the baseline case is presented in Fig. 7. The 

gap between the FVFs, DFV F, is normalized by the gap between the TVFs (Dg = 1.6 mm). 

The flow resistance is defined as the pressure drop divided by the mean volumetric flow rate 

(Agarwal, 2004). For instance, the time-averaged pressures at locations A and B on the mid-

coronal plane to the flow side are obtained as pA,flowside and pB,flowside, then the flow 

resistance R is defined as

(1)

where Q is the time-averaged volumetric flow rate. The resulting resistance R is normalized 

by the resistance at baseline, i.e. without considering the FVFs. The flow resistance of the 

no-flow side is defined the same way. The flow resistance with the narrowest considered 

DFV F is lower than the resistance at Baseline (without FVFs) and it increases with 

increasing DFV F, approaching for the largest DFV F the resistance of the tract of without 

FVFs for the largest DFV F. It is expected that as the distance between the FVFs is increased, 

their impact on R will decrease and approach the no-FVFs case. The theoretical work by 

Bailly et al. (2008) predicted that the normalized flow resistance can become smaller than 
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unity for a small region of DFV F, when a pressure of 500 Pa is applied on a static vocal fold 

replica as the trans-glottal pressure. The trend of the resistance change with DFV F is 

opposite to the present results and to Agarwal (2004). The geometry in the study by Bailly et 

al. (2008) is quite different from the present one and from that of Agarwal (2004). The 

lowest normalized resistance for the vocal tract is captured for DFV F /Dg = 2.8, while in the 

present study and that of (Agarwal, 2004) around DFV F /Dg = 2. Agarwal (2004) results 

shown in Fig. 7 are from the measurement on a static model with Dg = 1.6 mm and a 20° 

divergent glottis, which are the same as the values investigated in the present study. The 

range of the trans-glottal pressure, from 1 to 25 cm H2O, was found to have negligible 

effects on the normalized flow resistance. In the present study a trans-glottal pressure of, 7 

cm H2O is employed.

The velocity and pressure spectra in Fig. 3 show the characteristic frequencies of the glottal 

flow in the cases with the presence of FVFs for the case with DFV F = 8.58 mm and hv = 

2.67 mm. The spectra are obtained in the same manner as discussed for in the baseline case. 

Fig. 3 (d) shows two of the monitoring points locations, while Fig. 3 (e) exhibits the velocity 

spectrum at point M1 and Fig. 3 (f) presents the pressure spectrum at point M4. Many other 

monitoring points are also investigated, and the dominant frequencies are all the same, 

around 2650 Hz. This is higher than that in the baseline case, which was 2525 Hz. Based on 

the minimum glottal width and the mean velocity at the minimum cross-sectional glottal 

area (W ~ 34.8 m/s), the Strouhal number is estimated to be approximately 0.13.

Fig. 8 (a) shows the dominant frequencies observed for all the configurations analyzed in the 

present study. The solid line represents the frequency at Baseline of 2525 Hz, without the 

presence of FVFs. The dominant frequencies in the cases with FVFs are higher than in the 

baseline case. As DFV F increases, the frequencies drop almost linearly approaching the 

value of no FVFs. The size of the ventricle has effect only at the two smallest gaps. The 

larger ventricle results in slightly lower frequencies than the smaller one. Figure 8 (b) shows 

the Strouhal numbers for the cases presented in Fig. 8 (a). The Strouhal number is based on 

the minimum glottal width (Dg), which is the gap between the TVFs, and the mean velocity 

at the minimum cross-sectional glottal area (W). The solid line shows the Strouhal number 

of the baseline case, approximately 0.12. The Strouhal numbers for the cases with FVFs are 

slightly higher than the baseline case with no clear trend. The larger ventricle has lower 

Strouhal number compared to the smaller one, approaching the no-FVFs case value. The 

Strouhal numbers are in good agreement with the experimental study (Kucinschi et al., 

2006). It further indicates that high frequency in the supra-glottal region is related to shear 

layer instability (Mihaescu et al., 2010).

The streamlines of projected velocity vectors on a magnified view of the diverging part of 

the TVFs in the mid-plane are shown on Fig. 9. For each case, the detachment of the main 

stream that was observed on Fig. 4, generates vortical structures along the straight part of the 

walls in the diverging area. The current paper intends to prove the influence of the FVFs on 

the intensity of these vortices, and consequently on the collapsing force that is applied on the 

TVFs. Stevens (2000) discussed this force as being a contributor to the asymmetric collapse 

of the TVFs, and highlighted the importance of the closing phase of the cycle of sound 

production. Nomura et al. (2010) studied the effect of physical asymmetries on mechanical 
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models and identified them as a key factor in the harmonics produced in the voice. To prove 

the contribution of the FVFs to this force, a quantitative analysis of the vortical intensity was 

performed following the work of Cuppoletti (2013). Indeed, in the plane of study yz, the 

normal component of vorticity (ωx) can be related to the circulation (Γx) of the flow in the 

diverging region of the TVFs. Γx was so calculated as in Eq. (2), on a window defined as the 

restriction of the mid-plane to the z coordinates comprised between z = 16.31 mm and z = 

19.30 mm, which corresponds to the bounding planes of the straight portions of the 

diverging region of the TVFs.

(2)

where |ωx| is the absolute value of the normal vorticity with respect to the yz-plane. The 

results of this integration are shown on Fig. 10 (a). They are normalized by the value of Γx 

computed in the same location for the baseline case (without FVFs), which is represented by 

the dashed line. The diamonds represent the cases with the smaller ventricle size (hv = 2.67 

mm), the squares represent the other cases (hv = 6 mm). DFV F is normalized by the gap 

between the TVFs (Dg = 1.6 mm). Strong evidence of the influence of the gap size between 

the FVFs (DFV F) is shown and it appears that the smaller the gap is, the more important the 

circulation is in the divergent part of the TVFs. More importantly, it is noticeable that the 

distance between the TVFs and the FVFs has an impact on the circulation as well, but not as 

much as DFV F, which remains the main trigger of these vortices. In order to quantify the 

force applied to the walls, the static pressure is integrated over the diverging walls of the 

TVFs. Fig. 10 (b) shows the forces applied to the walls of the diverging section of the TVFs. 

Forces are normalized by the maximum value of the force computed for the baseline case 

(no FVFs). As in Fig. 10 (a), DFV F is normalized by Dg. The squares represent the cases 

where hv = 6 mm and the diamonds represent the case where hv = 2.67 mm. A positive value 

of the force helps the TVFs to collapse. Regarding the trends, it appears that the collapsing 

forces get higher when DFV F reduces. The ventricle size also has an impact on this effect 

since the strength of the forces is slightly lower in the case of the smaller hv. Moreover, a 

correlation is found between the circulation and the calculated forces, where the trends 

overlap perfectly. It is important to notice the asymmetry in the forces applied to the walls 

for each case, which induces an asymmetric motion of the collapsing TVFs. When the gap 

between the FVFs reduces in size, this circulation phenomenon induces an asymmetric 

motion of the TVFs that generates a richer range of harmonics in the voice mechanism.

4. Discussions and conclusion

The impact of the FVFs on the flow field and acoustics of a static model of the human 

larynx was studied using compressible LES. Because of the low Mach number (M < 0.3) of 

the flow, the solutions of the incompressible and compressible LES were very similar in 

most locations.

The convergent geometry of the sub-glottis causes the flow to accelerate into the glottis. The 

flow decelerates downstream of the narrowest point due to the sudden expansion of the 

geometry in the axial direction during closing. The resulting adverse pressure gradient 
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separates the flow from the divergent sides of the glottis. The jet exiting the glottis is 

bistable; it can alternately skew toward one side or the other due to random downstream 

disturbances. However, asymmetric flow might occur during phonation due to asymmetries 

in the vocal fold geometry. It is still unclear whether or not the phenomenon that the flow 

attaches to one wall plays a role in the phonation.

The gap between the FVFs impacts more on the laryngeal airflow patterns than the the 

ventricle size hv. The glottal jet curvature due to jet skewing is highest for the case without 

FVFs and decreases with the presence of FVFs such that the jet is virtually straight with the 

narrowest gap between the FVFs. This effect is more pronounced with an increased ventricle 

size. With the same pressure drop applied on the computational domain, the narrower the 

gap between FVFs is, the larger the maximum velocity in the glottis will be, which is a 

result of a flow resistance reduction when DFV F decreases. The flow resistance is also more 

reduced with an increased ventricle size. When the FVFs gap increases, the resistance 

converges towards the one calculated without FVFs.

Experimental studies indicated that the Strouhal number of vortex shedding is approximately 

0.145 for glottal flows with Reynolds number of roughly 2000 (Kucinschi et al., 2006; 

Zhang et al., 2004). In current study, with Re = 3200, the spectral analysis reveals that the 

velocity and pressure spectra have the same dominant frequencies for the same geometry. 

Without considering the FVFs, the vortices developed in the supra-glottal region are 

characterized by high frequencies around f = 2525 Hz, (St~ 0.12). Considering the FVFs 

effect, it increases this dominant frequency for all the investigated FVFs gaps (St~ 0.13–

0.135). However, considering the FVFs effect, it was observed that the dominant 

frequencies are decreasing when increasing DFV F. Dominant frequencies presented by 

Mihaescu et al. (2010) were based on velocity data in the glottal jet shear-layers from 

incompressible LES calculations. The Strouhal numbers given by Mihaescu et al. (2010) 

agree with the present results.

Finally, the key contributions of the current study are the following: (a) the study of the 

vortices that are generated in the divergent TVFs has shown that the geometry of the larynx, 

and more specifically of the FVFs gap, has an important impact on the human phonation 

mechanism; (b) a direct correlation between DFV F and the strength of these recirculations 

was established, and the asymmetric effect it has on the collapsing of the TVFs was 

investigated. These points add to the fundamental knowledge on the role of the FVFs and 

may help to enhance clinician assessments and future medical research on the topic of voice 

production, by according a more important importance to the role of the FVFs.

The major limitations of this study were the following: (a) the use of a static model for the 

human larynx only allows to study one particular configuration of the motion cycle of the 

TVFs. Future work may aim at reconstructing a complete cycle by adding to this set of 

simulations several other static models corresponding to the main key configurations. An 

unsteady FSI study could also be considered in order to achieve this goal; (b) As stated 

before, this study uses parametric models, which do not account for the complex shapes of 

subject-specific larynges. Future studies may address this point by attempting to validate the 
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current models with subject-specific geometries reconstructed by computed tomography 

scans that match the current configuration (similar DFV F, similar hv, divergent TVFs).

In summary, the present study employed LES approach to investigate the effects of the 

FVFs on the airflow through human larynx models. The results suggest that the FVFs 

modify the flow field and affect the dominant unsteady velocity frequencies and the 

resulting pressure fluctuations.
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Figure 1. 
Schematic of the cross-section of the larynx models. (a) baseline geometry. (b) model 

including FVFs. Dg: glottis width; hv: ventricular height; DFV F : gap between FVFs. (c) 

three-dimensional larynx model
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Figure 2. 
Time-averaged axial velocity profiles in the mid-coronal plane at different axial locations 

(z). Solid lines - incompressible solution, circles - compressible solution.
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Figure 3. 
(left) Frequency spectra of the vortical structures in the baseline case: (a) the locations of the 

monitoring points (M1 and M2); (b) velocity spectrum at M1; (c) pressure spectrum at M2. 

(right) Frequency spectra of the glottal flow in the case of DFV F = 8.58 mm and hv = 2.67 

mm: (d) the location of the monitoring points (M1 and M4); (e) velocity spectrum at M1; (f) 

pressure spectrum at M4.
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Figure 4. 
Time-averaged axial velocity distribution in the mid-coronal plane at different DFV F : (a) 

8.58 mm, (b) 6.23 mm, (c) 4.5 mm, and (d) 3 mm. The left ones are the cases of hv = 2.67 

mm and the right ones are the cases of hv = 6 mm.

de Luzan et al. Page 15

J Biomech. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Time-averaged and rms axial velocity profiles of hv = 2.67 mm.
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Figure 6. 
Time-averaged and rms axial velocity profiles of hv = 6 mm.
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Figure 7. 
Normalized flow resistance with respect to the baseline case between planes A and B.
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Figure 8. 
(a) Frequency of the highest spectral peak vs the gap between the FVFs and (b) Strouhal 

number vs the gap between the FVFs. The square represents hv = 2.67 mm and the black 

triangle hv = 6 mm.
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Figure 9. 
Streamlines of in-plane velocity for hv = 2.67 mm (a,b,c,d) and hv = 6 mm (e,f,g,h), in the 

diverging region of the TVFs
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Figure 10. 
(a) Normalized circulation in the diverging region of the TVFs. (b) Normalized forces 

applied on the diverging walls of the TVFs
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