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ABSTRACT

Artificial saliva sprays are commonly used to remedy vocal folds surface hydration. Vocal folds surface hydration and its effect on their auto-
oscillation are studied experimentally using artificial vocal folds. The airflow is used to excite the vocal folds into auto-oscillation after which
the vocal folds surface is sprayed with a liquid. The validity of the findings described in a previous study [A. Bouvet, X. Pelorson, and A. Van
Hirtum, “Influence of water spraying on an oscillating channel,” J. Fluids Struct. 93, 102840 (2020)] concerning the effect of water spraying
is further investigated. First, artificial saliva sprays (up to 5 ml) are sprayed instead of water. It is shown that this allows us to address the
effect of increased dynamic viscosity (up to 8 times compared to water) as other artificial saliva properties affecting air-liquid mixing and
surface wettability remain similar to water. Second, the Reynolds number in the dry stage is systematically increased (with 60%) for constant
spraying volume >3 ml. Regardless of the sprayed liquid and Reynolds number, oscillation cycles are characterized by an increase in mean
upstream pressure, cycle-to-cycle variability, and a decrease in oscillation frequency due period doubling. Increasing the dynamic viscosity
tends to reduce the magnitude of these tendencies for spraying volumes smaller than 3 ml, indicating that viscous liquid-gas mixing affects
the flow regime. Systematic Reynolds number variation shows that liquid spraying increases the oscillation onset threshold pressure and that
the magnitude of general tendencies is reduced. The assessed conditions and features are pertinent to human voice production after hydration
with an artificial saliva spray burst.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015587

. INTRODUCTION

Voiced speech sound production occurs due to an airflow-
driven fluid-structure (FS) instability between the airflow com-
ing from the lungs and the surrounding deformable vocal folds
(VFs) tissues. The surface of human VFs is hydrated with a liq-
uid layer,"” and it is established that good surface hydration
diminishes phonotraumatic lesions™’ and benefits voice quality.”
Hydration affects the oscillation frequency and its spectral features
as well as the vocal effort, determined by the oscillation ampli-
tude and needed upstream lung pressure. In addition, the cycle-
to-cycle perturbations of the oscillation period and the ampli-
tude, expressed by the jitter and shimmer, respectively, are clini-
cal voice quality parameters sensible to hydration. Consequently,
the use of artificial saliva sprays to remedy VF surface hydration is
widespread.” !

Whereas the physical principles underlying the FS instability
are well studied,”” " the potential role of VF’s surface hydration
in the FS interaction is only marginally investigated. Recently, the
effect of surface hydration following water spraying on a deformable
auto-oscillating channel portion inserted in a rigid tube was studied
experimentally.''” The setup consists of a mechanical deformable
VF replica, concretely a pressurized latex tube (PLT) VF replica,
mounted between two rigid uniform tubes representing the tra-
chea (inferior end) and oral tract (superior end), as illustrated in
Fig. 1. Auto-oscillation near the oscillation onset pressure threshold,
i.e., the minimum upstream pressure required to sustain oscillation,
was considered, and perturbation measures expressing voice qual-
ity in clinical studies™* were quantified on the oscillating upstream
pressure gathered before and after water spraying.® The volume of
sprayed water was systematically varied between 1 ml up to 5 ml so
that the applied volume range is pertinent to spray bursts, nebulizing
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FIG. 1. Overview of the experimental setup: uniform rigid trachea pipe (upstream),
uniform rigid vocal tract pipe (downstream), and in-between deformable mechan-
ical PLT VF replica [elasticity condition Pp,r and glottal constriction area Ac(t)],
liquid spray characteristics (label Lig, volume V,, and spray duration Af;), and
driving airflow [upstream pressure Py(f)]. The sprayed liquid jet issuing from a
syringe equipped with a spray nozzle is shown.

up to 4 ml each, during hydration remediation with artificial saliva
sprays.'’

The use of distilled water in previous studies'®'” was moti-
vated by several reasons. From an experimental point of view, its
fluid properties are well known, and it is readily available so that
it provides a reference for other physical studies. This is particu-
larly so since water spraying is applied in (de-)hydration studies
involving human subjects””"'"" and cadaver larynges."*” From a
physiological point of view, water has similar density as reported
for human saliva,”””?! and bi-directional water fluxes through the
epithelium play an important role in regulating VF surface mucus
hydration."”*** Nevertheless, compared to human saliva, distilled
water has a reduced dynamic viscosity. Therefore, the experiment
and analysis described in Ref. 18 is first repeated for aqueous-
based artificial saliva sprays in order to assess the effect of increased
dynamic viscosity on the auto-oscillation.

In addition, previous experiments'®'’ are re-assessed for
upstream pressures near the oscillation onset threshold. There-
fore, the experiment and analysis detailed in Ref. 18 are repeated
for upstream driving pressures above the onset threshold in order
to assess to which extent observations near the oscillation onset
remain pertinent. In terms of human voice production, increasing
the upstream or lung pressure corresponds to an increased vocal
effort.

Both the upstream driving pressure and the dynamic viscos-
ity of the spraying liquid might influence air-liquid fluid mix-
ing. The fluid mixture determines the pressure distribution on the
vocal folds walls within the glottal constriction.”” Consequently, the
fluid-structure interaction and the resulting auto-oscillation might
be affected. The upstream pressure during oscillation is analyzed
considering features commonly studied in vocal folds analysis.'®

Consequently, the aim of this work is to consider the validity
of the findings reported in Ref. 18 for water spraying, first, when an
aqueous-based spraying liquid with increased dynamic viscosity is

9
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used and, second, when the airflow pressure driving the FS interac-
tion is increased above the one associated with the auto-oscillation
onset.

Il. SPRAYED LIQUID FLUID PROPERTIES

Three different spraying liquids are experimentally assessed in
this work to mimic (re-)hydration: distilled water (Lig0) as in previ-
ous studies'®'” and two different aqueous-based liquids used in arti-
ficial saliva (AS) sprays, i.e., AS-Teijin (Liql) and AS-Artisial (Lig2).
The artificial sprays are commercially available in Japanese (for Lig1)
and French (for Lig2) pharmacies, respectively. They are commonly
used salines in order to remedy the lack of saliva by applying a burst
of spray in the mouth (up to 4 ml). Both Ligl and Lig2 are composed
of different concentrations of sodium chloride, potassium chloride,
and dipotassium phosphate. The liquid properties of interest (den-
sity p, dynamic viscosity y, surface tension o, contact angles, and pH)
are determined at room temperature between 20 °C and 22 °C corre-
sponding to temperatures for which experimental data are gathered.
An overview is provided in Table I.

The density p is found as the ratio between the mass and vol-
ume. The volume is quantified using a micro-pipette with accuracy
+0.1 ml, and its mass is obtained using a precision balance with
accuracy £0.01 g. The tabulated p values are the averages of 10 repeti-
tions.” The dynamic viscosity y is obtained using a Cannon-Fenske
viscometer with capillary diameters of 0.54 mm and 0.63 mm. The
tabulated y values indicate the averages of four repetitions.”” The
values for both artificial saliva sprays (Ligl and Lig2) are compared
with the values for distilled water (Lig0) and human saliva.”?"*!
Densities p for all assessed liquids (Liq0, Liq1, and Lig2) are approxi-
mately 1000 kg m ™, similar to the values reported for human saliva.
Compared to distilled water (Liq0, 4 = 1 mPa s), dynamic viscosity
u is increased with approximately a factor of 5 for AS-Teijin (Ligql,
u =4.95mPas) and a factor of 8 for AS-Artisial (Lig2, y = 7.44 mPa
s). It follows that whereas the viscosity of water is smaller than the
range reported for human saliva, all assessed AS have y-values within
the range reported for human saliva. Note that the AS properties are
similar to those in recent fluid studies involving saliva in the oral
cavity.”*

The pendant drop method (drop generation with a syringe with
diameter 1.7 mm, MotionBlitz EoSens Cube camera, macro-lens)
is applied to determine the air-liquid surface tension ¢ using the
Young-Laplace equation.”” The values for AS (Ligl and Lig2) are
calculated to approximate o = 72 mN/m characterizing water (Liq0).
Note that 0 ~ 72 mN/m obtained for all experimentally assessed
liquids (Liq0, Ligl, and Lig2) is greater than the values reported
for human saliva.””' For each liquid, the capillary length A. is then

TABLE . Properties of spraying liquids (Lig0, Lig1, and Lig2) and human saliva.

p(kgm?) y(mPas) o (mN/m) A (mm) pH (-)

Phys. Fluids 32, 081901 (2020); doi: 10.1063/5.0015587
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with liquid density p and gravitational constant g = 9.81 m/s~*. The
values are provided in Table I. As A; = 2.7 mm holds for all liquids, it
is assumed that the sprayed liquid droplets are unaffected by gravity
as Dy, < A¢ holds since the diameter D,, ~ 0.7 mm, given the spray noz-
zle diameter as indicated in Fig. 1. It is noted that this approximates
Ac obtained for human saliva.

The wettability of the experimentally assessed spraying liquids
(Liqg0, Ligl, and Liq2) is assessed for latex and duralium surfaces.
These surface materials are considered as they constitute the sur-
faces of the deformable (latex) and rigid (duralium) parts of the used
experimental setup. The setup is schematically depicted in Fig. 1 and
further detailed in Fig. 3. The static contact angles 6; between the
surface and a liquid droplet are shown in Fig. 2. All spraying lig-
uids exhibit neutral wettability for these surface materials as static
contact angles 6; vary between 75° and 100°.””' Dynamic contact
angles are measured for the least (water, Lig0) and the most viscous
liquid (AS-Artisial, Lig2). The advancing 6, and receding 8, con-
tact angles and their hysteresis 8, — 0, are given in Table II. Similar
values are obtained for both surfaces so that the values depend on
the liquid. For both liquids, it is seen that the static contact angles
0; approach the advancing contact angles 6, to within 5°. The hys-
teresis doubles when comparing Liq0 to Lig2 as the receding contact
angle is lowered. It is noted that the droplets used to test the wetta-
bility are smaller than the capillary length A = 2.7 mm for all liquids
as their diameter yields 1.7 mm.

For completeness, the measured pH values for spraying liquids
(calibrated potentiometric pH/ORP meter Hanna Instr. HI2211,
accuracy +0.01) are given in Table I. The values are within the upper
range reported for human saliva.

As contact angles, capillary lengths, and surface tensions are
similar for all experimentally assessed liquids, surface wetting and
droplet deposition are assumed similar. It follows that the properties

TABLE II. Overview of contact angles for water (Lig0) and AS-Artisial (Lig2).

Static Dynamic
0; 0. 0, 0. — 6:
(deg)  (deg) (deg)  (deg)
Water, Lig0 Latex 95 98 77 21
Duralium 90 94 72 22
AS-Artisial, Lig2 ~ Latex 75 80 35 45
Duralium 80 85 44 41

scitation.org/journal/phf

FIG. 2. Static contact angles 65 mea-
sured for the experimentally assessed
liquid droplets (water Lig0, AS-Teijin
Lig1, and AS-Artisial Lig2) on the sur-
faces of (a) latex and (b) duralium.

of the experimentally assessed aqueous-based artificifial saliva sprays
AS-Teijin (Ligl) and AS-Artisial (Liq2) have similar properties as
water, except for an increased dynamic viscosity p. As such, these
fluids allow us to study the influence of increased dynamic viscosity
within the range pertinent to human saliva.

lll. EXPERIMENTAL APPROACH

Auto-oscillation due to a fluid-structure interaction is gener-
ated by supplying airflow through a rigid channel (duralium, inter-
nal diameter 25 mm, neutral wettability) containing a deformable
channel portion as a mechanical VF replica is inserted. The setup
depicted in Fig. 1 is fully detailed in Ref. 18. Briefly, the deformable
pressurized latex tube (PLT) VF replica (neutral wettability), illus-
trated in Fig. 3, consists of two pressurized latex tubes (thick-
ness 0.2 mm, inferior-superior length H = 12 mm, and posterior—
anterior length w = 25 mm) representing the left and right VE.'***"
These VF tubes are connected to a water column with a controllable
height so that their internal pressure Ppr, which determines its elas-
ticity, can be varied. Both VFs are placed face to face in a metallic
frame. The initial spacing between both VFs in the absence of airflow
ranges from 30 mm?” up to 70 mm?® and results from the swelling
of the latex tubes due to the imposed internal pressure Pp;r and
from adjusting the micrometric screws. During VF auto-oscillation
along the transverse right-left direction, the spacing between both
VFs varies with time so that, in general, A.(t) < 100 mm? holds.”> A
central latex tube (diameter 30 mm and thickness 0.2 mm) is placed
between both VFs. This central latex tube is fixed to the upstream
(streamwise length 11 cm, inferior of VFs) and downstream (stream-
wise length 12 c¢m, superior of VFs) channel portions representing
the vocal tract and trachea, respectively, so that the airflow passes
through without leakage. The replica is manually assembled so that
the exact values depend on the montage (M).

When airflow passes through the gap between both tubes,
a fluid-structure interaction leads to auto-oscillation in the same
way as during human phonation. Steady airflow (density pg
=12kg m?, dynamic viscosity g = 1.8 x 107° Pa s, and temper-
ature 22°C + 2°C) is continuously provided to the flow channel
along the streamwise inferior-superior direction by an air com-
pressor (Atlas Copco GA5 FF-300-8, GA15 FF-8) connected to an
upstream pressure reservoir (volume 0.22 m®) filled with acoustic
foam in order to avoid parasitic acoustic resonances and controlled
with a valve (Norgren, 11-818-987). A pressure transducer (Ende-
vco 8507C-5, accuracy +5 Pa) is positioned in a pressure tap sit-
uated 65 mm upstream of the VF replica in order to measure the
upstream pressure P,(t). During experiments, the mean upstream
pressure P, yields at least the auto-oscillation onset pressure Popset,
which is the minimum upstream pressure required to sustain auto-
oscillation for the VF replica in the dry configuration before liquid

spraying.
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Liquid is sprayed at the downstream end of the flow channel,
i.e., the downstream vocal tract outlet, in the superior-inferior direc-
tion, as depicted in Fig. 1."* Note that this corresponds to the natural
usage of AS sprays during which a spray burst is supplied through
the mouth. Liquids discussed in Sec. II (Liq0, Liql, or Liq2) are
homogeneously sprayed by manually emptying a graduated syringe
(accuracy 0.5 ml) with a known volume Vi < 5 ml. The syringe
is equipped with a common spray nozzle (diameter D, = 0.7 mm
+ 0.1 mm, length 10 mm, and diffusion angle 20°). During experi-
ments, liquid spraying is time-tagged ¢ (¢) by manually operating an
electrical switch at the start and end of each spray burst so that its
duration Aty corresponds to f1(t) > 0. An overview of sprayed lig-
uid volume V7, spray duration Aty, liquid flow rate @, and jet bulk
velocity at the nozzle exit Uy is given in Table ITI. Overall, liquid
spraying has mean duration A; = 1.62 + 0.6 s, Aty < 3 s, mean liquid
volume flow rate ®; = 1.75 + 0.40 ml/s, and mean jet bulk velocity
UL =455+ 1.02 m/s.

The magnitudes and liquid properties given in Table T allow us
to estimate the Weber number We,

_ pU;D,
-

We (2)

and droplet relaxation time ¢,

2
= 22 3)
18uc

for droplets with diameter D,,. For each of the assessed liquids (Liqo,
Liq1, and Lig,), We ~ 212 = 90 and ¢; ~ 1.5 s hold, which is the same
magnitude as observed for human saliva (Table IV). Sprayed liquid
jets are thus expected to break up into much smaller droplets as their
diameter decreases, which favors mixing with the airflow. It follows

that the Stokes number,

taU
Stk:d—G,

4
varies with Ug during the opening and closing phase of a single oscil-
lation cycle, regardless of the assessed liquid. Mixing of the droplets
with the airflow is expected when Stk is less than unity and surface
hydration due to droplet deposition when Stk exceeds unity.
Temporal signals P,(t) and t;(t) are acquired (PC/DAQ,
National Instruments PCI-MIO-16XE-10) with a sampling fre-
quency of 10 kHz. The representative time traces of upstream pres-
sure P,(¢) and time tag 7 (¢) for a typical auto-oscillation experiment
are shown in Fig. 4. During the first dry stage, 10 s steady-state

TABLE Ill. Overview of sprayed liquid volumes V/, spray duration At, liquid volume flow rate @, and liquid jet bulk

velocity U .

Vi (mL) 1 2 3 4 5

Aty (s) 0.82 + 0.02 1.31 +0.08 1.70 + 0.16 1.84 +0.18 241 +0.14
@ (m?/s) 1.22x10°° 1.52x 10°° 1.77 x 10~° 2.18 x107° 2.08 x 10~°
Uy (m/s) 3.18 3.96 4.56 5.67 5.40
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TABLE IV. Droplet properties for liquid spraying (Liq0, Lig1, and Liq2) and human saliva.

We (-) ta (s)

VL:Iml VL:2ml VL=3ml VL:4m1 VL:Sml VLE[IS]ml
Water, Lig0 98 152 202 313 284 1.51
AS-Teijin, Ligl 101 157 208 321 292 1.53
AS-Artisial, Lig2 100 155 205 317 288 1.53
Saliva”"*! 100-500 1.51

auto-oscillation is gathered to characterize the dry configuration
(subscript dry, Vi = 0 ml). The second stage corresponds to liquid
spraying characterized by the used liquid (Lig0, Liql, or Liq2) and
sprayed volume V. The third stage of 5 s, which yields about 3.3
times the droplet relaxation time ¢4, allows stabilization after liquid
spraying. The fourth liquid stage of 10 s is analyzed to study the effect
of liquid spraying on the auto-oscillation established during the dry
stage.

Mean upstream pressure P, during the dry stage (only airflow)
provides an overestimation of the supplied airflow volume flow rate

Qmax,dyy as
2P
Qmax,dry = JAc,max * Csy (5)
PG

with maximum constriction area A¢ max = 100 mm? and constant
¢ = 1.3 accounting for flow detachment and jet formation along
the diverging part of the glottal constriction.” An upper limit of
THE Reynolds number Rey, characterizing the dry stage is then
obtained as

Red,), _ PGQmax,dry i (6)
#ew
with posterior-anterior VF length w = 25 mm, as depicted in Fig. 3.
The Strouhal number Srg,, of the oscillating flow during the dry
stage is then estimated from the oscillation frequency f; as
foH

7Ac,max * Cs, (7)

Sr, dry =
Ty
Qmax,dry

with inferior-superior VF length H = 12 mm, as indicated in Fig. 3.
In the dry stage (Vi = 0 ml), both Pous: and the associ-
ated oscillation frequency fouser depend on the imposed elasticity

Liquid stage

Spraying Stabilization

2000 Dry stage

0 5 10 15 20 25 30
t [s]

FIG. 4. Representative time traces of P,(t) and ¢, (t) indicating the consecutive
stages: dry stage (10's, V, = 0 ml), spraying stage (duration At;, V, <5ml),5s
stabilization, and liquid stage (10 s). The dry and liquid stages are analyzed.

condition Ppy 1, as illustrated in Fig. 5. Upstream threshold pressures
[Fig. 5(a)] at the auto-oscillation onset Pous.: and offset Pofer exhibit
a minimum due to changes in the initial glottal area and damping of
mechanical resonances.” The minimum is obtained at Pp;r ~ 3.3
kPa for PLT VF replica montage M I [Fig. 5(a)]. The oscillation
frequency fonser [Fig. 5(b)] increases quasi-linearly with Pp 1 due to
the increase in mechanical resonance frequencies f;'3 measured from
the frequency-response functions.'*** The observed auto-oscillation
threshold pressures Pouset, offset and oscillation frequencies foy,set,oﬁcset
are within the range characterizing a normal human voice.” *°

Liquid spraying is experimentally assessed for several elastic-
ity conditions Pppr, corresponding to vertical lines in Fig. 5, so that
Ponser and fonser characterizing the dry stage vary. In addition, the
exact values vary as experiments are performed for two different PLT
VF replica montages, labeled M I and M II.

The experimental conditions to study the influence of the
dynamic viscosity of the sprayed liquid (liquid viscosity experiment)
are summarized in Table V. For each spraying liquid (Liq0, Lig1, and

350 P ; ; H
o i - (O Powset + Pogsoet |
300 H i H
= 90 ¢ ; 000
&20+_i_; Y O 000 09 00O
o i,
R T L
200 i i i i i L )
1.71.9 2.3 2.8 3.3 4.0 4.5
PpLT [kPa]
(a)
120 !
.9 0, xx
100 : o) %xxxxxxxx
E @9 éxgx xxxxX;
80 © @ ixx OfOnset + fOffset
L DA kA
1.71.9 2.3 2.8 3.3 4.0 45
PPLT [kPa]
(b)

FIG. 5. Auto-oscillation onset () and offset (+) values as a function of elasticity
condition Pp;7 during the dry stage (V; = 0 ml) for PLT VF replica montage (M I):
(a) upstream threshold pressures Popset and Pogser and (b) oscillation frequencies
fonset @nd fogset. Mechanical resonance frequencies f and £ are given. Vertical
lines indicate Pp; 1 for which the liquid is sprayed.
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TABLE V. Overview of the liquid viscosity experiment.

M Pprr (kPa) Red,y Srd,), Liquid Vi (mL)
I 2.8 8950  0.05  Lig0, Ligl, Lig2 (1-5)
I 3.3 7800  0.06  Ligo, Ligl, Lig2 (1-5)

TABLE VI. Overview of the airflow experiment.

M Pprr (kPa) Regr, Stary Liquid Vi (ml)
11 1.7 5200-7500 0.11 -0.078 Lig0 4
11 1.9 5200-7500 0.11 - 0.078 Liq0 4
11 2.3 5200-7500 0.11 -0.078 Liq0 4
11 2.8 5200-7500 0.11 —0.078 Lig0 4
1 3.3 7000-8300 0.060-0.023  Lig0, Lig2 3

Lig2), the sprayed volume V7 is varied. The experiment is repeated
for two (Pprr, Regy,)-combinations for PLT VF replica montage
ML

Experimental conditions to study the influence of increasing
the upstream driving pressure P, (airflow experiment) and hence
Regry [Eq. (6)] during the dry phase are summarized in Table VI. For
each assessed (Ppr1, V1)-combination, Re, is increased from 5200
up to 7500 (~45% Regyy increase, Lig0, Vi = 4 ml, replica montage
M II) or from 7000 up to 8000 (~%15% Re,, increase, Lig0 and Lig2,
V1 =3 ml, replica montage M I).

For all experiments, Sr,, < 0.11 holds and Rey;, is obtained by
varying P, in the range of 120 Pa up to 400 Pa. The orders of magni-
tudes of Sryy, and Reyy, are within the range associated with normal

36
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human voice production.

IV. UPSTREAM PRESSURE ANALYSIS

Ten second portions of upstream pressure P, () of the dry and
liquid stages indicated in Fig. 4, corresponding to N, oscillation
cycles with N, > 400, are analyzed. The mean oscillation charac-
teristics and their fluctuations are objectively quantified following
the approach detailed in Ref. 18. It is outlined in the Introduction
that these features are assessed due to their use in clinical studies to
express vocal effort and voice quality.”

A cycle-to-cycle analysis is performed in order to retrieve the
peak-to-peak amplitude A and period T for each oscillation cycle
from which their arithmetic means A and T are obtained. The
cycle-to-cycle perturbations of amplitude {4 and period {r are
obtained as

N,—-1
[ B T 1% ©
X = /—Y >

with X = A for the amplitude perturbations and X' = T for the
period perturbations. Note that, in voice quality studies, {4 and (r
are labeled shimmer and jitter, respectively.

The overall harmonic content of P,(t) is quantified consider-
ing the total harmonic distortion rate THD and the signal-to-noise

scitation.org/journal/phf

ratio SNR. The THD compares the summed power of harmonic fre-
quencies Py, with the power of the lowest harmonic frequency
Py, as

&)

THD = 10 1og10( Pharm )

Py,

The SNR compares the ratio of the summed power of all signal har-
monics Psigml to the summed power of the remaining noise Phoise as

SNR = 10log,, ( Peigna ) (10)

Pnoise
Besides these general spectral features, the oscillation frequency fy
is quantified. As in Ref. 18, two oscillation frequencies are consid-
ered. First, fy ~ fo, where fy indicates the first harmonic frequency
observed in the dry stage. Second, a quasi-subharmonic frequency
fn ® fos due to period doubling in the liquid stage can appear so that
ﬁ)j %ﬁ)/z.l&]‘)

V. RESULTS

The features obtained for the liquid viscosity experiment
(Sec. V A) and the airflow experiment (Sec. V B) are presented.

A. Liquid viscosity experiment

The experiments summarized in Table V for V > 0 ml allow us
to compare the influence of spraying water (Liq0) with the influence
of spraying artificial saliva sprays, AS-Teijin (Ligl) and AS-Artisial
(Lig2). As a reference, the features obtained during the dry stage,
i.e., without liquid spraying for Vi = 0 ml, are considered as well.
The dynamic viscosity y of water (Liq0) is increased by a factor of 4
using AS-Teijin (Liql) and 8 using AS-Artisial (Lig2), as indicated
in Table 1. For each liquid, the features are plotted as a function of
sprayed volume V. To avoid overlapping markers, the AS feature
values are shifted around V7.

The oscillation frequencies fy (V) for elasticity conditions Ppr
€ {2.8,3.3} kPa are plotted in Fig. 6. The first harmonic frequency f; is
only marginally affected as liquid spraying results in a slight decrease
(<2%) from fy ~ 102 Hz characterizing Vi = 0 ml in accordance with
Fig. 5(b). On the other hand, a near subharmonic frequency fys for
V1 > 1 mlis generated associated with period doubling as previously
observed for water spraying.®'"" The impact of dynamic viscosity
on oscillation frequencies fy is thus limited as same phenomena are
observed, regardless of the sprayed liquid.

The mean upstream pressure P, (Fig. 7) and peak-to-peak cycle
amplitude A( V1) (Fig. 8) show an overall increase. For all liquids, a
transition occurs from the dry configuration for V; = 0 ml up to
a plateau reached in the range V; > 3 ml. Within the plateau, P,
augments with ~100 Pa for both Pp;r, whereas the increase in A
depends on the elasticity and on the sprayed liquid. Although the
liquid does not affect the general tendency, the increase tends to
be limited or delayed with dynamic viscosity so that P, and A(V)
are smallest for Lig2 (AS-Artisial) within the transition region when
1 < V1 <2 ml. In the transition range, air-liquid mixing determines
the flow behavior, whereas for Vi > 3 ml, liquid flow is expected
to dominate the flow.”” The found influence of dynamic viscosity
is of particular interest for human voice production. The reduced
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100 PAR- gl g OAR: - OA @A () AR BA QAo Bh- g oA
w =
o= z FIG. 6. Oscillation frequency fy(V,) for
z 50 eGS0 2 50 s~ Qe @i all liquids (Lig0, Lig1, and Lig2) with the
® forio A forig ® forig ® forip A forig ® fori first harmonic fy = £ (filled markers) or fy
0 © foszigo A fosLig B fosLig2 © fosLigo A foszign B fosLig =i (empty markers): (a) Ppi7=2.8kPa
o 1 2 3 4 5 o 1 2 3 4 5 and (b) Pe.7 = 3.3 kPa.
(a) (b)
Ao Op-mo
500 ol 500
= oA D N
T2 400 frs A 400 PR FIG. 7. Mean upsiream pressure
A IRy e P, (V1) for all liquids (Liq0, Lig1, and
300 © Lig0 & Ligl & Lig2| 300 © Lig0 & Ligl © Lig?| Lig2): (a) Py = 2.8 kPa and (b) Ppir =
o 1 2 3 4 5 o 1 2 4 5 el
VL [mL} VL [mL]
(a) (b)
1000 1000
= B =
& 500), @ ) & 500 %O&D_@gaﬁm FIG. 8. Mean peak-to-peak cycle ampli-
< W I~ tude A(Vy) for all liquids (Liq0, Lig1,
ol lo Lig0 A Ligl @ Lig2] 0 UG o Ligh A Ligl © Lig2 | and Lig2): (a) Ppir = 2.8 kPa and (b)
o 1 2 3 4 5 o 1 2 3 4 5 Peur =3.3kPa.
(a)

upstream pressure P, and amplitude A are considered beneficial
for human voice as the auto-oscillation requires less effort and less
impact. Furthermore, Z(VL) shows a minimum at V; = 1 ml for
Ligl and Lig2 suggesting that an optimal voice condition exists,
which, for the used replica, is reached for V; » 1 ml. It is noted that
these general tendencies do not hold at Pp;r = 2.8 kPa for Ligl at
V1 =3 mlas P, (Fig. 7) and ﬁ( Vi) (Fig. 8) are increased, with 35 Pa
and ~120 Pa, respectively, compared to the values obtained for Lig0
at Vi = 3 ml. This is argued to be due to the influence of the liquid’s
viscosity on the liquid-air fluid mixing, which, in turn, determines
the extent of the transition zone and hence the V; associated with
the plateau onset, which seems to shift to lower V; as the liquid

viscosity increases. This mechanism remains to be detailed and
confirmed in future research.

The cycle-to-cycle perturbation of the mean quantities dis-
cussed so far is considered. Note that the reduced cycle-to-cycle
perturbation improves voice quality as well. The cycle-to-cycle per-
turbation curves of amplitude {4(V1) (Fig. 9) and period {7(V1)
(Fig. 10) express that liquid spraying Vi > 0 ml introduces pertur-
bation as {47 > 20% holds compared to {47 < 4% for Vp =0
ml (dry). As for mean features P, and A, the perturbation curves
exhibit a transition zone for 0 < V, < 3 and a stable plateau zone for
Vi > 3 ml. The perturbation degree is this large for all liquids due
to period doubling associated with a loss of determinism described

|o Lig0 A Ligl = Liq2 |

,Q,;

2. » FIG. 9. Cycle-to-cycle amplitude pertur-
G et bation ¢ 4 (V) for all liquids (LigO, Lig1,
and Lig2): (a) Ppir = 2.8 kPa and (b)

Ppi7r = 3.3 kPa.
1 2 3 4 5 1 2 3 4 5
VL [mL] VL mL]
(a)
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o Lig0 & Ligl & Lig2] lo Lig0 & Ligl © Lig2]

=05 N FIG. 10. Cycle-to-cycle period perturba-
F ot erefE O tion ¢7(V,) for all liquids (Liq0, Lig1, and
@ Lig2): (a) Pp,7 = 2.8 kPa and (b) Ppi7 =
0
(a) (b)

for water spraying in Ref. 19. Nevertheless, as for mean P, and A,
increased viscosity provides again some regulation as it tends to limit
the perturbation in the transition zone. The degree of perturbation
decreases with liquid viscosity in the transition zone. This is most
clearly observed considering {4(V1) (Fig. 9) for Ppyr = 2.8 kPa.
As a maximum perturbation is found in the transition zone, it is
of future interest to decrease the Vp-increment to refine the anal-
ysis in the transition zone. This is of particular interest considering
elasticity conditions for which differences between liquids are less
pronounced as is the case for Ppr = 3.3 kPa. It is hypothesized
that the different sensitivity to the liquid viscosity observed between
elasticity conditons Ppyr = 2.8 kPa and Ppr = 3.3 kPa is related to
difference in stability of the auto-oscillation in the dry configura-
tion. Supposing that a less stable auto-oscillation is more easily to be
affected, it is suggested that the auto-oscillation at V; = 0 ml is more
stable for Ppyr = 3.3 kPa than for PpLT = 2.8 kPa. Note that this is
reasonable, given the increased Reynolds number needed for Pprr
= 2.8 kPa (Regy, = 8950) compared to Pprr = 3.3 kPa (Regy,, = 7800)
(Table V).

The regulating capacity of dynamic viscosity g in the transition
zone for 0 < V1 < 3 ml is also apparent considering the total har-
monic distortion rate THD(V) (Fig. 11) and signal-to-noise ratio
SNR(V) (Fig. 12) as the decrease in both THD and SNR reduces

with p. It is noted that the imposed elasticity condition Pp,r affects
the magnitude of observed tendencies as differences are again more
pronounced for Ppyr = 2.8 kPa than for Pp 1 = 3.3 kPa.

B. Airflow experiment

The influence of the airflow applied during the dry stage on the
analysis stage is assessed from the experimental conditions summa-
rized in Table VI. For each Ppyr condition, the features are plotted
as a function of Reyy, defined in Eq. (6). For clarity, the values for
different Pprr are shifted around each Reyy,. In this section, each fig-
ure legend consists of multiple columns with three row entries. Each
column corresponds to the same elasticity condition Ppyr indicated
in the first row and represented in the figure by a unique symbol.
The empty symbol in the second row entry corresponds to the dry
condition Vi = 0 ml. The filled symbol in the third row entry cor-
responds to liquid spraying so that the imposed V' or/and spraying
liquid is indicated.

1. Influence of Rey,,: Water (Liq0)

First, the dry and liquid stages are analyzed for water (Lig0)
spraying at V1 =4 ml for PLT VF replica montage M II in Table VI.
This is motivated from Sec. V A as features for water overlap with

lo Lig0 & Ligl & Liq2 |

o Lig0 & Ligl & Lig2| 0
":Eﬁ__; % -10
. ,‘d?""'@éa -
T AR
[cERts ok i}
&~
2 3 4 5 0 1 2
VL [mL}
(a) (b)

0 FIG. 11. Total harmonic distortion rate
o THD(V/) for all liquids (Liq0, Lig1, and
\\‘A Lig2): (a) Ppr = 2.8 kPa and (b) Pp.7 =

4 5 3.3 kPa.

)
=
— g 0 & FIG. 12. Signal-to-noise ratio SNR(V/)
e CYCEEEF oMo WS g = ‘—-»::Gén__,,,%@ for all liquids (Liq0, Lig1, and Lig2): (a)
20 Ppir = 2.8 kPa and (b) Ppir = 3.3 kPa.
2 3 4 5 0 1 2 4 5
VL [mL} VL [mL}
(a) (b)
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on the elasticity condition Pp;r. The plotted curves in Fig. 13 sug-

1.7 kPa 1.9kPa 23kPa 2.8 kPa
50mL ©0mL A 0mL 0 mL gest that increasing Pprr delays the increase to larger Regy,. This is
= 4ml ®4ml A 4mL 4 mL expected from the decreasing onset pressure thresholds in this Ppyr-

range [shown in Fig. 5(a)], suggesting that the oscillation stability

400 increases with Pppr so that higher Reg, are needed to generate tur-
= 300 bulence. It is noted that the increase in P, with 100 Pa between the
A dry (V1 = 0 ml) and liquid stages at V = 4 ml is consistent with the

observations plotted in Fig. 7 for both Pprr = 2.8 kPa (Regy,, ~ 8950 in
Table V) and Pprr = 3.3 kPa (Regy, ~ 7800 in Table V).

100 . ‘ The auto-oscillation frequencies fy(Reg,) are plotted in
5000 6000 7000 Fig. 14(a). For Py ~ Ponset, Water spraying causes the auto-oscillation
Regry to cease so that no features (filled symbols) are plotted for low Reyy,.

FIG. 13. Mean upstream pressure P, (Reqr, ) for different Ppir (kPa, symbols) in
the dry (empty) and liquid (filled) stages for water (Liq0) spraying with V, =4 ml.

those obtained for AS for Vi > 3 ml. The mean upstream pres-
sures P, are plotted in Fig. 13. For Reg, ~ 5200, the imposed P,
values in the dry stage are near the oscillation onset pressures so
that P, ~ Pouset, regardless of Pp.r. In general, the mean upstream
pressures P, observed during the liquid stage are greater than the
values observed during the dry stage. For Reyy, < 6500, the increase
in P, with Rey,, observed during the liquid stage occurs at the same
rate as the increase imposed during the dry stage for all elasticity
conditions Pprr. For Rey, > 6500, the increase accelerates until it
yields about 100 Pa. The increase is hypothesized to reflect the loss
of stability and eventually the turbulent nature of the air-liquid fluid
mixture for Reg,, > 6500, which needs to be further investigated in

the future. The precise Re,,, at which P, starts to increase depends

In the dry stage, the oscillation frequency fy = fo exhibits a small
(less than 10%) decrease with Regy,. In the liquid stage, a quasi-
subharmonic frequency fy =~ fos5 is observed, which shows a slight
increase (less than 20%) with Regy,. This is consistent with Fig. 6 and
prior studies considering water spraying.m"(’

The mean cycle-to-cycle amplitudes A(Reg,, ) are presented in

Fig. 14(b). The amplitude A increases with Rey,, during both the dry
and the liquid stage. Compared to the dry stage, the mean ampli-
tudes are reduced in the liquid stage. Nevertheless, the increase slows
down with Regy,, so that it is of interest to further extend the Regy,
range.

The presence of quasi-subharmonic frequency fy s due to period
doubling in the liquid stage indicates that complexity sets in when
water is sprayed.'” The increased complexity is also apparent con-
sidering the increased cycle-to-cycle perturbation measures { and
{4 plotted in Fig. 15. In the dry stage, both perturbation measures
yield less than 5%, regardless of Rey,. In the liquid stage, cycle-
to-cycle irregularities result in a severe increase (>10%) of both

1.7 kPa 1.9 kPa 2.3 kPa 2.8 kPa 1.7kPa 19kPa 23kPa 28kPa
&fo OmL ©fy 0 mL Afy, OmL fo OmL 2 0mL ©0mL A0mL 0 mL
®fo5 4 mL®fo5 4 mLAfos 4 mLé fo5 4 mL ®4mL ®4mL A4mL 4 mL

150 ! FIG. 14. Oscillation features for different
= ez :% Ppir (kPa, symbols) in the dry (empty)
= and liquid (filled) stages for water (Liq0)

= 100 spraying with V; = 4 ml: (a) frequency
e fu(Reqy) and (b) peak-to-peak cycle
50 0 amplitude A(Reqr ).
5000 6000 7000 5000 6000 7000
Red‘r’y Redry
(a) (b)
1.7kPa 19kPa 23kPa 28LkPa 1.7kPa 1.9kPa 23kPa 28kPa
2 0mL ©0mL A O0mL 0 mL 20mL ©0mL AO0mL 0 mL
®4mL ®4mL A4mL 4 mL ®4mL ®4mL A4mL 4 mL
® FIG. 15. Cycle-to-cycle perturbation fea-
_ 05 0.5 oA tures for different Pp,7 (kPa, symbols) in
A ° R the dry (empty) and liquid (filled) stages
& Y ’A for Vi = 4 ml water (Liq0) spraying:
- (@) period (7(Reqy) and (b) amplitude
0le= = AL A A =0 0 o 90 I AT o A VAN o VA oY {_A(Redry)-
5000 6000 7000 5000 6000 7000
Red’ry Redry
(a) (b)
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1.7kPa 19kPa 23kPa 28kPa
20mL ©0mL AO0mL 0 mL
®4mL ®4mL A4mL 4 mL

1.7kPa 19kPa 23kPa 28kPa
@ 0mL ©0mL A O0mL 0 mL
®4mlL ®4mlL A4mL 4 mL

FIG. 16. Overall spectral features for dif-
ferent Pp7 (kPa, symbols) in the dry
(empty) and liquid (filled) stages for V,
=4 ml water (Lig0) spraying: (a) total har-
monic distortion rate THD(Re,) and (b)

-20
5000 6000

0
5000 6000 7000
Redry

(a)

perturbation measures, which decrease with Regy,. Considering
again Figs. 13 and 14(b), this implies that the perturbation becomes
less important as P, and therefore A increases.

The overall spectral measures THD(Re,,) and SNR(Reg,) are
plotted in Fig. 16. In the dry stage, THD increases with Rey,, (about
10 dB) for all elasticity conditions, whereas SNR(Reg,) remains con-
stant at about 25 dB. In the liquid stage, SNR [Fig. 16(b)] is reduced
to 20 dB or more. The decrease is maximum for the lowest Rey,
for which auto-oscillation occurs and becomes less and less with

Redw

signal-to-noise ratio SNR(Regry).
7000

THD increases with Regy, in both the dry and the liquid stage. Nev-
ertheless, THD in the liquid stage is reduced compared to the dry
stage.

2. Influence of Rey,, extended: Water (Liq0)
and AS-Artisial (Lig2)

In this section, the auto-oscillation features for the experiment
listed for PLT VF replica montage I in Table VI (Vi = 3 ml and
Pp1 = 3.3 kPa) are quantified. This way, the impact of viscosity is

further assessed using Liq0 and Lig2, while the findings for water
spraying in the range 5200 < Reyy, < 7500, addressed in Sec. V B 1
for Lig0 (montage M II), are extended to 5200 < Rey, < 8300. This is

illustrated in Fig. 17 showing the mean upstream pressure P, (Re,y)

Regy, thereafter. This is in accordance with the tendencies observed
for cycle-to-cycle perturbations (. 4. Therefore, in general, {7 4 and
SNR(Regy,) indicate that, in the liquid stage, increasing Reyy, stabi-
lizes the auto-oscillation. From Fig. 16(a), it is seen that the overall

1.7kPa 1.9 kPa 2.3kPa
8- Liq0omr © LiqOopm L, -4 Lig0omr,
--Liq04mr @ Liq04y1 & Liq04mr

400

28 kPa 3.3 kPa 3.3 kPa

LiqOopm 1, 5 LiqOomr #Liq20mL

Liq04p1, W Liq03,1, *-Liq23,1,
v

FIG. 17. Mean upstream pressure
Py(Reqy) for different Ppr (kPa,
symbols) in the dry (empty) and in the
liquid (filled) stage for water (Liq0) and
AS-artisial (Lig2) with V, €{3, 4} ml

200 (subscript).
100 ‘ : : ! ‘ ! '
5000 5500 6000 6500 7000 7500 8000 8500
Redry
7 fo,Liq0s, % fo,Liq2u,
W fo.5,LigOsr, * f0.5,Lig2ss W LigO03mr * Lig23m1
0.6
* FIG. 18. Oscillation features for Ppr

= 3.3 kPa in the dry (empty) and in the
liquid (filled) stage for water (Lig0, v)

J0.2 and AS-Artisial (Lig2, ¥<)with V, =3 ml:
(a) frequency fy(Reqry) and (b) cycle-to-
0 = a cycle amplitude perturbation {4(Reqry)-
7000 7500 8000 8500 7000 7500 8000 8500
Regyy Reary
(a) (b)

Phys. Fluids 32, 081901 (2020); doi: 10.1063/5.0015587
Published under license by AIP Publishing

32,081901-10


https://scitation.org/journal/phf

Physics of Fluids

for all flow experiments (montages M I and M II) listed in Table V1.
Overall, P,-tendencies observed for water (Lig0, M II) up to Regy,
~ 7500 keep on up to Regy, ~ 8300 (M I), regardless of the used liquid
(Lig0 and Liq2). For each set of experiments (montages I and II), the
maximum difference between the dry and the liquid stage remains
of similar magnitude (x100 Pa), regardless of the imposed elasticity
condition Pp; 1.

In general, the extracted features for V; = 3 ml (M I) confirm
the findings described in Sec. V B 1 (V = 4 ml, montage M II). This
is illustrated in Fig. 18 for oscillation frequency fv(Regy,) and cycle-
to-cycle amplitude perturbation {4 (Regy,). The oscillation frequency
fv = fo in the dry stage is reduced to fy ~ fos in the liquid stage,
whereas the cycle-to-cycle perturbation {4 increases from less than
5% in the dry stage to more than 20% in the liquid stage. Tendencies
with Regy,, observed for other features (A, {1, SNR, and THD) also
confirm the findings described in Sec. V B 1. It is noted that abnor-
mal feature values in the dry stage are retrieved for Re,y, = 8300, e.g.,
S drops and {4 increases (Fig. 18). These abnormalities are due to
fo sideband modulation caused by the central tube in the PLT VF
replica (Fig. 3). As this is a limitation of the PLT VF replica, larger
Regy, values are not assessed.

VI. DISCUSSION AND CONCLUSION

Water and two commercially available artificial saliva sprays are
sprayed (up to 5 ml) on an auto-oscillating channel mimicking vocal
folds auto-oscillation. The used experimental protocol duplicates
hydration with an artificial spray burst so that upstream pressure
features without and after hydration are compared. It is seen that
the liquid properties affecting air-liquid mixing and surface wetta-
bility are similar, except for the dynamic viscosity that is increased
when artificial saliva sprays are used (up to 8 times).

In general, increasing the sprayed volume results in the increase
in mean upstream pressure, cycle-to-cycle variability, and the
decrease in oscillation frequency due period doubling. Therefore,
general tendencies of quantified features confirm the previous obser-
vations for water spraying, and as such, general tendencies express
the loss of determinism.'®'’ Nevertheless, increasing the dynamic
viscosity limits the magnitude of these tendencies for low spray-
ing volumes up to 3 ml, providing further evidence that air-liquid
mixing determines the flow regime in this case. This implies that
hydration with an artificial spray instead of water can reduce the
mean upstream pressure and oscillation amplitude, which benefits
human voice production and reduces cycle-to-cycle perturbation
that improves voice quality.

Liquid viscosity experiments were done at a constant Reynolds
number. To consider the influence of upstream airflow supply on
the fluid-structure interaction, the Reynolds number characteriz-
ing the dry stage is systematically increased from its value at the
auto-oscillation onset threshold while the spraying volume is held
constant at 3 ml or 4 ml. It is observed that, in the liquid stage, the
oscillation onset threshold pressure is augmented compared to the
dry stage. At the auto-oscillation onset, in the liquid stage, general
tendencies associated with liquid spraying hold as cycle-to-cycle per-
turbation measures, mean upstream pressure, and signal-to-noise
ratio increase, whereas the oscillation frequency reduces from f; to
fos. Further increasing the Reynolds number reduces the magnitude

ARTICLE scitation.org/journal/phf

of these tendencies for the assessed range of Reynolds numbers. It
is verified that the used liquid does not affect these tendencies con-
firming that for spraying volumes >3 ml, the dynamic viscosity does
not affect the observed features. It follows that increasing the airflow
supply with respect to the auto-oscillation onset threshold might
improve voice quality after hydration at the cost of a larger upstream
pressure needed to sustain the auto-oscillation.

The discussed effects are studied for different PLT VF replica
elasticity conditions Pp;r and montages M. It is shown that the
described tendencies remain although their magnitudes can be
affected.
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