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Abstract: This paper examines aerosol propagation in wind instruments through numerical analysis,
focusing on particle trajectories within five types of wind instruments: saxophone, clarinet, flute, oboe,
and trumpet. Using a computational fluid dynamics approach, it is found that larger particles are
deposited within the instruments, while smaller micron-sized particles predominantly exit through
the bell. The impact of the instrument’s geometry on aerosol dynamics is quantified; cylindrical
instruments (clarinet, flute) show an increased rate of small droplet deposition or escape through tone
holes compared to conical instruments (saxophone, oboe). Instruments with steep turnings, such as
the trumpet, exhibited significant particle deposition. The study suggests that deposited particles are
likely to move towards re-emission points, driven by gravity and airflow, especially in straight-shaped
instruments. Integrating computational fluid dynamics (CFD) as a complementary approach to
traditional experimental methods provides insights into aerosol transmission mechanisms in musical
settings. This methodology not only aids in understanding aerosol behavior but also supports the
development of safer musical and educational environments, contributing to the field.

Keywords: computational fluid dynamics; aerosol propagation; musical practice; woodwind instruments;
brass instruments

1. Introduction

During the COVID-19 outbreak, the world witnessed growing concern over aerosol-
mediated disease transmission, particularly in settings where people engage in activities
involving close proximity and the sharing of respiratory emissions. Among these activities,
playing wind instruments stood out as an intriguing and complex phenomenon with
limited information from the scientific literature on the specifics of airflows and droplet
emissions generated by playing. Indeed, like any activity, such as speaking or breathing, the
act of playing a wind instrument involves the emission of a continuous flow of expelled air
and, therefore, aerosol particles of different sizes, which would potentially carry pathogens
and contribute to the spread of airborne diseases in confined spaces, such as classrooms,
performance venues, or rehearsal spaces [1].

Generally, two main types of respiratory particles are distinguished, characterized
by their size. Droplets are larger than 5 to 10 pm [2] and follow a ballistic trajectory
depending on their mass, which includes a risk of transmission in close proximity to the
emitter. Aerosols refer to finer droplets that have the ability to remain in the air for a few
minutes to a few hours depending on relative humidity [3,4]. This implies a potential
accumulation of aerosols in confined and/or poorly ventilated rooms, which follow the
surrounding airflows.
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Therefore, studies attempting to characterize wind instruments have had two main
objects. The first was the study of the propagation of airflows leaving wind instruments
while they are played, relying on experimental setups involving tracer gases or particle
visualization such as Particle Image Velocimetry (PIV) [5] or schlieren imaging [6]. These
qualitative methods have provided some valuable observations of the thermal plume
around the instrument and musician, as well as an approximation of the distance crossed
by the airflow. The second type of study consists of measuring the concentration of
droplets and aerosols in the air (expressed as particles (P) per liter, P/m? or P/s), collected
using sampling tubes at a precise point on the exit of the instrument or eventually with a
funnel. They generally use Aerosol Particle Sizer (APS) and focus on size ranges starting
at 500 nm [6-9] or 300 nm [10,11] and with a maximal size of 20 um. Comparison of
absolute numbers resulting from these experiments is made difficult by the accumulation
of variations in measurements protocols from one study to another: size range considered,
placement and flow rate of the sampling tube (which, respectively, influence the rate of
particles captured by the tubes and the evaporation of droplets, and therefore, their size
when they reach the measurement cells), dynamics of the play (long notes vs. full musical
phrases), fingerings, etc. The main observation from all these studies is the high level of
both inter-individual and intra-individual variability. This variability can be explained
by factors linked to the emission parameters and the measurement methods. In [7], it
was shown that one musician playing one note for 10 s with the exact same protocol and
setup can have a ratio of 1 to 50. High variability is also observed for other actions such as
breathing and speaking. These results and their variability make it difficult to quantitatively
evaluate particle emissions. In particular, the hierarchy of the instruments emitting the most
aerosols varies depending on the studies, leading [8,9] to consider playing any instrument
as one similar activity.

The studies [10-14] have attempted to rank instruments or singers by emission rates,
but no significant trends emerged from these studies. For example, in [14], the trumpet
emits about 6 times more than the clarinet and oboe, while in [13], the oboe emits 2 to 3 times
more than the trumpet. In this context, replicable numerical methods can be a first step in
assessing trends and promoting a sampling method based on airflow trajectory simulations.
One of the main issues with the current literature is the low number of instruments and/or
players in each study, and the lack of focus on the inner part of the instruments, whose
study may provide key elements for understanding the discrepancies and variability. To
this end, the authors measured in a prior study [7] the particle concentration at the bell of a
clarinet in controlled conditions, and numerically simulated the propagation of aerosols
inside the bore of the clarinet for different diameters, comparing the ratio of particles exiting
the clarinet. In the present paper, the authors focus on the effects of instrument geometries
(cones, cylinders, bells) and playing (lateral tone holes) using numerical techniques only to
address the instrument’s point of view in aerosol dispersion.

Finally, all of the cited studies found that the size of the emitted particles is mostly in
the submicron range. Ref. [9] states that 70 to 80% of the measured particles are between
0.25 and 0.8 pum; ref. [7] reports a median size between 200 and 300 nm; ref. [8] finds that
aerosols emitted while playing wind instruments have a size distribution close to breathing,
centered around 0.57 pum, and differing from speaking or singing [15,16]. Nevertheless,
the measurement methods vary, and the size of the measured particles depends on the
measurement conditions and setup. Therefore, the measured particles are not only linked
to their initial size right after their generation from the instrument or person.

While these approaches have provided valuable insights, they are often limited by
challenges in accurately representing the intricate interplay of fluid dynamics, instrument
design, and player behavior, which are assumed to impact the amount of aerosols generated
and their size. The literature has highlighted little agreement between studies in terms of
particle size and distribution. The characteristics of the player or the instruments need to be
considered, but the position and characteristics of the sampling devices also play a crucial
role. It is possible that the flow of particles may differ according to the input velocity of
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the air, and the fingerings in the case of woodwind instruments might cause particles to
deviate and drive them away from the sampler. While previous studies have attempted
to characterize these emissions through experimental setups using tracer gases or particle
visualization techniques, there has been a notable absence of numerical studies focusing on
the internal dynamics of aerosol propagation within wind instruments.

Though some works exist on the dispersion of emitted particles inside a room using
the numerical tool of computational fluid dynamics (CFD) [13], their dispersion inside
wind instruments has not been published until now. The propagation of airflows escaping
wind instruments has been studied qualitatively using Particle Image Velocimetry [17]
or schlieren imaging [18-20], showing that airflows can escape through tone holes for
woodwinds or leak at the mouthpiece but mainly exit through the bell. Flow visualizations
by [19], as well as anemometer measurements by [10,19], indicated that airflows escaping
the bell of wind instruments (except for air jet instruments like the flute or piccolo) have
low velocities and therefore quickly reach the velocity of ambient airflows in the room.
In this context, computational fluid dynamics (CFD) emerges as a powerful tool that can
significantly advance our understanding of aerosol propagation in wind instruments. This
can not only facilitate the investigation of aerosol dispersion patterns but also provide
insights into the factors that influence particle transport and deposition within the in-
strument and its immediate surroundings. However, it is crucial to note that while CFD
provides significant insights, the results derived from these simulations require experimen-
tal validation to ensure their accuracy and reliability. The primary objective of this study
is to employ computational fluid dynamics to assess the influence of wind instrument
bore shapes, fingerings, and tone hole configurations on particle emission rates across
various particle size ranges. We aim to quantify the proportion of particles exiting through
the instrument’s bell, tone holes, and those deposited on the inner bore wall relative to
the particles introduced at the tube’s inlet. This research seeks to provide a comparative
analysis of the impact of geometric features on wind instrument aerosol emission behavior,
without making definitive recommendations in a pandemic context.

2. Materials and Methods
2.1. Solver

Fluid computations are performed using the Siemens 2020 FloEFD solver [21] within
the Dassault Systemes SolidWorks CAD environment. This solver is based on a finite
volume approach to solve the Navier—Stokes equations for compressible fluids within
the framework of Favre averaging. It utilizes Cartesian meshing technology with Octree
refinement to decrease cell size and increase mesh density where necessary. Only a k — e-
type turbulence model is available in the software; it is widely used in the industry and
other codes and has proven to be relevant in such airflow applications. To model the
boundary layer at the walls, a technology of so-called “partial /smart cells” is used; in a
partial cell, several control volumes are considered, with a minimum of two (one fluid
and one solid) separated by plane faces associated with the geometry. A specific wall
law is applied on those faces to simulate the boundary layer, known as the Modified Wall
Functions approach. This approach uses a Van Driest profile instead of a logarithmic profile.
If the mesh cell size near the wall is larger than the boundary layer thickness, the integral
boundary layer technology is used. Convergence of steady computations is controlled
by predefined goals, primarily the flow rate at the inlet/outlet, the mean and maximum
velocities in the computational domain, and the amount of travel of flow particles in the
fluid domain.

In addition to computing the fluid flow, the software enables solving the motion of
dilute spherical liquid particles (droplets) of constant mass in a steady-state flow field. The
particle resistance coefficient (drag coefficient Cp) follows Henderson’s formula [22]. This
general formulation covers regimes from continuum to rarefied flows at Mach numbers up
to 6 and Reynolds numbers Re up to the laminar-turbulent transition. It simplifies to the
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Stokes—Oseen equation Cp = 24Re ! + 4.5 at Reynolds numbers high enough to ensure
continuum but low enough to avoid inertial effects.

This approach provides a reliable estimation for the drag force acting on spherical
particles across a range of Reynolds numbers typical of conditions within wind instruments.
This is particularly relevant for our simulations, where particles of various sizes (0.5, 5, and
50 pm) are transported within airflow fields that vary in velocity and turbulence due to
the instrument’s geometry and the musician’s playing technique. The Reynolds number to
consider is based on the particle diameter, the relative velocity between the particle and
gas Av, and the free stream density and viscosity. For 0.5, 5, and 50 pm particles, Re is
approximately Av/30, Av/3, and 10Av/3, respectively.

The Weber number was considered primarily to understand the behavior of droplets
within the airflow, particularly their stability against breakup. It is defined as:

2
We = g (1)

where p and v are the free stream density and velocity, d is the droplet diameter, and ¢ is
the surface tension of the fluid. Considering the surface tension of saliva of 60 mN/m [23]
and a maximum velocity of 20 m/s, the Weber number for 50 pm droplets reaches 0.4. For a
velocity of 2 m/s, the Weber number for 5 pm droplets is 1000 times less. This indicates that
droplet breakup is not prevalent under the simulated conditions. This aligns with observed
behavior in wind instruments, where droplet coalescence and deposition are more critical
than breakup. It was assumed that droplets, including those 50 microns in diameter, remain
spherical and do not undergo internal oscillations or deformations during their trajectory.
This assumption is supported by the low Weber numbers calculated in the simulations. A
Weber number below 1 indicates that the inertial forces due to airflow are not sufficient to
overcome the surface tension that maintains the droplet’s spherical shape. This suggests
that significant deformations or internal oscillations of these droplets are unlikely under
the simulated conditions. Such low Weber numbers typically indicate that the droplets will
not break up or deform significantly, supporting the validity of modeling assumptions in
the context of airflow within musical instruments.

We primarily focused on the aerodynamic behavior of droplets, considering forces
such as drag and gravitational forces. The decision to neglect Brownian motion for 500 nm
droplets was based on the assumption that these droplets, due to their relatively larger
size compared to truly nanoscale particles (e.g., those smaller than 100 nm), would be
more influenced by inertial and aerodynamic forces than by Brownian motion. However,
around 500 nm, Brownian motion can still play a significant role, especially in conditions
where airflow velocities are low and the surrounding medium is quiescent. The Brownian
force, driven by the random thermal motion of air molecules, can indeed be comparable in
magnitude to the inertial forces acting on such small particles.

3mud
FBrownian ~ kBT(kB #T) (2)

where kp is the Boltzmann constant, T is the absolute temperature, y is the dynamic viscosity
of air, d is the particle diameter, and 7 is the relaxation time. This simplification may omit
an aspect of particle dynamics in specific settings. This simplification was implemented
to maintain computational tractability and focus on the primary transmission vectors in
musical instrument environments, where airflow and mechanical forces are often dominant.
Gravity is accounted for, assuming the mass particle is constant. Particles cooled or heated
by the surrounding fluid change their size; however, evaporation, particle rotation, their
interaction with each other, and Brownian motion are not considered.

In the present study, we considered liquid particles with constant properties (diameter
and temperature) along their journey through musical instruments. In reality, these proper-
ties may change due to heat transfer with air and evaporation. Evaporation is influenced by
temperature, relative humidity, relative speed, and the concentration of nonvolatile solutes.
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Indeed, droplets of saliva are composed of water and nonvolatile substances (about 1.8%
of the mass), among them salt (about 1%). As a consequence, a droplet of saliva will not
fully evaporate, since dry residues always remain. Measurements of the diameter of the
resulting particles [24] or calculations considering the conservation of mass of nonvolatile
substances [24-26] have been performed. They indicate a shrinkage of diameter by a factor
of 2 to 5. The evaporation time of pure water droplets can be estimated using the d? law
(diameter squared) as provided in [27], involving Sherwood and Spalding numbers. The
application of such a law for a temperature of 26 °C and 50% relative humidity (RH) leads
to evaporation times of 10 ms and 400 ms for diameters of 5 and 50 um, respectively.
Nonvolatile solutes affect droplets” evaporation time, especially as water concentration
decreases. Ref. [28] measured the evaporation time of 30 um sodium chloride droplets
ranging from 750 ms to 2 s for 20% to 40% RH, respectively. They also found that the final
diameter is 20% of the initial one, corresponding to a shrinkage of 5.

The majority of published studies measuring aerosols emitted when playing wind
instruments use APS or FIDAS [8,10,13,16,29-31]. The measurement is then not performed
in situ. Air containing aerosols is instead sampled, and droplets travel into sampling tubes
before reaching the measuring optical cell. The residence time of the particle in the tube is
generally 1 s for a flow rate of 1.4 L/min, through a 6 mm diameter and 90 cm length tube.
Therefore, full evaporation may be reached. The measured particles are then dry residuals
of the initially emitted particles. All these studies report particles smaller than 2.5 um, with
a median diameter below 1 pm. We can then expect that particles expelled through wind
instruments have diameters below 12.5 pm, with a median diameter around 2.5 pm. In
our study, we considered 3 diameters of particles (0.5, 5, and 50 pm), differing from one
another by a factor of 10, which is greater than the maximum expected shrinkage ratio
due to evaporation. The value of 0.5 pum is chosen because it is smaller than the expected
median diameter, while 50 pm is largely above the maximum expected size. The chosen
range of diameters is then assumed to be large enough to explore possible trajectories of
droplets traveling into wind instruments. Moreover, when the liquid particles impact a
surface, full absorption is assumed in our simulations.

2.2. Computation Set-Up

The airflow is computed using a time-averaged approach. As already discussed in [7],
such an averaged airflow may not correspond to any instantaneous picture of realistic flows
in wind music instruments, since it is unsteady by nature. The sources for unsteadiness
are multiple: the vibrations of the exciter that produces the sound (the reed in the case
of woodwind instruments), the propagating pressure waves, thermal effects, and the
movements of the musician and the keys while playing. Considering more sophisticated
numerical approaches such as unsteady resolution, LES turbulence model, aeroelastic
modeling of the reed, and acoustic coupling would drastically increase the complexity and
computation time, while no validation can be performed since no measurement of airflows
inside wind instruments using experimental techniques such as Particle Image Velocimetry
is currently available in the literature. The steady approach used here is supposed to be a
sufficiently good approximation, although not demonstrated, to start investigating how
particles emitted by the player are transported inside the instrument and transferred from
the instrument to the direct environment.

The boundary conditions are set as follows. The mean airflow rate, as measured using
a Gallus gas meter (see Appendix A), is specified at the inlet of the tube (i) downstream of
the mouthpiece for single-reed instruments, (ii) downstream of the reeds for double-reed
ones, (iii) at the inlet of the mouthpiece for brass instruments, and (iv) on a circular opening
on the mouth in the particular case of the flautist. In all cases, the air velocity is uniform
over the section. A large volume of air surrounding the isolated instrument is included,
at the border of which the environmental pressure with zero velocity is applied. Thermal
effects are neglected. Indeed, the residence time inside instruments is rather short compared
to the characteristic time for heat transfer. For celerity equal to 2 m/s, the residence time is
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lower than 1 s for most instruments. The temperature difference between air escaping from
the mouth and the environment may affect fluid flow distribution close to tone holes and
the bell due to buoyancy effects; however, many other parameters may affect the mixing
of inside and outside air, such as ventilation, movements of the musician, hands acting
as obstacles to the flow, and heat sources. We have then considered, in a first attempt to
model flow inside wind instruments and focus on particle trajectories, to generally neglect
these thermal effects. In the case of the saxophone, however, since the material (brass)
is thermally conductive and the distance from the air inlet to the first tone holes is short,
thermal effects are introduced in the simulation. Hence, for this instrument, air is blown at
a temperature of 37 °C and thermal exchange is forced on the internal walls of the neck to
reach the environmental temperature (25 °C) at the inlet of the body.

The particles are emitted from the same location as where air is blown. Particles
with diameters of 0.5, 5, and 50 pm are considered. Hereafter, they are referred to as the
smallest, intermediate, and largest particles or droplets, respectively. The number density
of particles specified at the inlet is meaningless in the present numerical approach since no
interaction between particles nor feedback effect of particles on airflow are considered; as a
consequence, only the ratio of number density with respect to the inlet is of interest. Only
one direction of gravity with respect to the instrument is considered. It is aligned with
the vertical part of the saxophone body, makes an angle of 45° with the clarinet and oboe
bodies, while the flute and trumpet bell are fully horizontal, and therefore perpendicular to
the direction of gravity (Figure 1).

Figure 1. Direction of gravity with respect to instruments.

The meshes contain about 0.5 to 1 million cells. The basic cell size, far from the walls,
is 15 mm. It is refined up to 5 times close to the walls, reaching 0.5 mm (Figure 2). For
the considered flow rate, the y* ranges from 4 close to the injection plane to 0.5 at the bell
inlet. Meshes contain at least 10 cells in the cross-section of the tube and of the tone holes.
Details regarding numerical validation and mesh convergence checks were provided in the
previous study [7].

Figure 2. Clarinet: mesh in a median plane through tone holes.
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2.3. Computation Cases

The airflow and particle emissions are computed for five wind instruments, with
various types of mouthpieces at the origin of the production of sound: alto saxophone
and Bb clarinet (single reed), oboe (capped double reed), transverse flute (fipple), and Bb
trumpet (brass-type).

The CADs (Figure 1) have been provided by the Buffet-Crampon instrument manu-
facturer. The pads that cover some tone holes of woodwind instruments are not included,
except for the ones on the saxophone bow (i.e., the lowest part). Indeed, these keys are in
the axis of the main air jet and a large amount of flow rate may pass through them. When
opened, the distance from the edge of the tone hole to the pad is set to 7 mm. The absence
of pads, as well as fingertips that stay close during play to open pad-free tone holes (but
with rings instead), may change the direction taken by the airflow and the particles after
passing through them. However, the trajectories in the free environment are not addressed
here, and it is assumed that the rate of flow exchange between the inside and the outside is
not influenced by the pad or finger when the tone hole is left open.

In the case of the flute, the musician’s head is modeled with a mouth as a circular
opening of 4 mm? (Figure 3). The center axis of the jet is set in the direction of the edge, so
that half of the air goes inside the flute while the other half is blown outwards. The angle
with the vertical axis is then 42°. The distance from lips to mouthpiece is about 1 cm. The
flute has no mouthpiece plate.

427

)

\\\;{/ /

: U\

Figure 3. Model of flutist’s head, highlighting the circular opening at the mouth location (center) and
the direction of the exhaled air jet defined by the arrow (right).

For each instrument, at least 3 notes have been simulated; the highest note corresponds
to all opened keys, the lowest note to all closed keys, the latter forcing all the air to blow
out the bell. An intermediate note is chosen in between. Table 1 summarizes the notes
used in the simulations for each instrument, while Figures A1-A4 in Appendix A show
the corresponding fingerings and note drawn on a musical score, respectively, for flute,
clarinet, oboe, and saxophone.

The airflow rate prescribed at the inlet is also given in Table 1; it is 10 L/min except
for the saxophone (14 L/min) and for the oboe (3 L/min). The inlet turbulent rate is
set to 10-20%, with a turbulent length of 10-20% the hydraulic diameter. Note that for
the single-reed woodwind instruments, the considered hydraulic diameter is the typical
distance from the reed to the mouthpiece, namely 1.2 mm.

Table 1. Airflow rate and notes used in the simulations with respect to the instrument. The symbols
# and b refer to sharp and flat, an increase or decrease of one semi tone respectively.

Instrument Rate (L/min) Holes Closed Intermediate Note (s) Holes Opened
Saxophone 14 Bb G F#
Clarinet 10 E C G Bb
Oboe 3 B G C#
Flute 10 B G C#

Trumpet 10 all pistons down pistons 1 and 2 down, 3 up all pistons up
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3. Results
3.1. Airflow in the Instrument

We describe hereafter for each instrument the computed stationary airflow topology.

Saxophone: When opened, the air exits the body through a few keys: the one just
below the neck screw, and the first two on the bow. This is shown in Figure 4, which
plots the streamlines emitted from the neck inlet. The major part of the flow goes up to
the bell. By plotting streamlines passing through the bell outlet (Figure 4), we show that
surrounding air may enter the body through other keys, but also through the bell since the
outgoing jet remains concentrated and does not enlarge with the bell’s cross-section. The
jet is indeed a low-pressure zone due to high velocity (up to 1 m/s in the body), lower than
the environmental one. The presence of opened keys may also change the center axis of
the jet in the tube, by pushing it towards the wall on the opposite side of the holes, due to
this incoming additional air. It is obvious for the half-opened keys case when looking at
the air velocity contours and vectors plotted in Figure 5b. In the neck (Figure 5d) and bow
(Figure 5a—c), the air jet impacts the opposite wall before changing direction to follow the
tube. The same behavior is highlighted in Figure 6, showing smoke blown in an isolated
neck. In the computation, blown air does not exit through the octave key located on the
neck; on the contrary, air from outside enters due to lower pressure inside. This result is
questionable; indeed, simple tests with smoke prove that air might be expelled from inside
to outside, at least at the attack of the note. Whether this behavior is unsteady has not
been explored.

Oboe: The jet remains concentrated up to the bell, as shown by velocity contours in
Figure 7. The velocity vectors plotted on a zoomed-in section near the tone holes indicate
that no air comes out through the holes. On the contrary, environmental air comes in. The
jet’s central axis is progressively shifted to the opposite side of the opened key holes along
the tube.

Clarinet: Air tends to exit the tube through a major part of the opened keys, as shown
in Figure 8. Contrary to the saxophone and oboe, the tube of the clarinet is cylindrical,
not conical. It does not enlarge, thus fostering the exit of air through the holes. The air jet
remains concentrated in the bell, surrounded by vortices at the outlet.

Flute: Figure 9 shows the velocity contours and vectors in two views: a cross-sectional
view passing through the mouth, showing how the flow is half-separated by the mouthpiece
edge, and a median plane of the tube. Inside the flute, the flow tends to swirl for one-third
of the distance to the exit, corresponding roughly to the unpierced part. Downwards, it
becomes fully axial. As with the clarinet, the air exits through a major part of the opened
keys, and the flow rate and velocity are then reduced at the main outlet.

Figure 4. Saxophone: streamlines of air, flowing downstream from the neck (left, red lines), and
crossing the bell outlet section (right, blue lines), in the case of all opened keys.
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Figure 5. Saxophone: air velocity contours and vectors in median plane near the bow and in the neck,
for different played notes. (a) Near the bow, all opened keys; (b) near the bow, half-opened keys;
(c) near the bow, all closed keys; (d) zoom-in the neck, all opened keys.

Figure 6. Smoke blown in alto saxophone mouthpiece and neck.

Trumpet: As shown by the streamlines plotted in Figure 10, the flow axis is offset when
passing the two 90° angles of the main tuning slide. Then, it spins when passing through
the valves but becomes axial again in the final slide or even upstream. It is again partially
offset in the last angle upstream of the bell and remains concentrated up to the outlet.

Note that the flow at the bell, as computed here for each instrument, is not realistic. In
reality, the mixing layer at the boundary of the outgoing jet would lead to eddies that cannot
be numerically captured by solving averaged flow equations as performed here. Such
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eddies are clearly shown in schlieren imaging in [19], for example. Moreover, the outgoing
flow may be influenced and modified by numerous parameters, such as temperature,
external air velocity due to ventilation, or even human body thermal plumes and turbulent
unsteadiness. Therefore, it is not worth paying too much attention to this part of the flow,
since it does not have a major influence on the particle trajectories we are examining.

Figure 7. Oboe: air velocity contours and vectors in a global view (left) and close-up of tone holes
(right), all opened keys.

Figure 9. Flute: air velocity contours and vectors for all closed keys in cross-sectional view passing
through the mouth (left) and in median plane (center), as well as for all opened keys (right).

Velacty [ws]

Elbow
upstream bell

3" valve slide
2™ valve slide
1% valve slide

Figure 10. Trumpet: air streamlines colored by velocity, first two pistons pushed down.
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3.2. Particle Trajectories

We now describe the particle transportation for each instrument. The fractions of
deposits, exits through keys, and exits through the bell with respect to the played note and
particle size are summarized in Table 2.

Table 2. Computed rates of droplet behaviors for each instrument with respect to the played music

note, droplet diameter, and particles’ initial angle formed with the vertical axis (flute only).

a Saxophone

Instrument fingerings All closed Half closed All opened
Droplet diameter 05um 5um 50um 05um 5pum 50um 05um  5pum 50 um
Deposit in neck 11% 12% 68% 11% 12% 68% 11% 12% 68%
Deposit in bow 10% 11% 8% 11% 13% 8% 16% 18% 8%
Deposit on bow keys 0% 0% 0% 1% 1% 0% 4% 3% 0%
Total deposit 26% 26% 100% 27% 30% 99% 33% 36% 100%
Exit through keys 0 0 0 9% 9% 1% 13% 12% 0%
Exit through bell 74% 74% 0% 64% 62% 0% 54% 52% 0%
b Oboe

Instrument fingerings Whatever

Droplet diameter 0.5-5 um 50 um

Total deposit 0% 100%

Exit through keys 0% 0%

Exit through bell 100% 0%

¢ Clarinet

Instrument fingerings All closed Intermediate 1 Intermediate 2 All opened Whatever
Droplet diameter 0.5-5 um 0.5-5 um 0.5-5 um 0.5-5 um 50 um
Total deposit 1% 6% 10% 11% 100%
Exit through keys 0 5% 16% 21% 0%
Exit through bell 99% 89% 74% 68% 0%
d Flute (instrument fingerings only have influence on exits through keys and main hole)

Initial angle Whatever 42° 20° 42° 20°
Droplet diameter 0.5 pm 5 um 50 um

Deposit on the internal mouthpiece wall 21% 50% 63% 47% 0%
Deposit inside flute 24% 0% 29% 0% 100%
Total internal deposit 45% 50% 92% 47% 100%
Exit through keys 2% 0% 0% 0% 0%
Exit through main hole 2% 0% 0% 0% 0%
Direct to environment 44% 31% 0% 11% 0%
External deposit 7% 19% 8% 42% 0%
e Trumpet

Instrument fingerings None pushed Half pushed All pushed Whatever
Droplet diameter 0.5 pm 5 um 0.5 pm 5 um 0.5um 5pum 50 pm
Deposit in main tuning slide 6% 9% 7% 9% 6% 9% 7%
Deposit in valves 13% 25% 16% 24% 8% 14% 0%
Deposit in 1st valve slide 0 0 10% 13% 11% 14% 0%
Deposit in 2nd valve slide 0 0 4% 5% 4% 4% 0%
Deposit in 3rd valve slide 0 0 0 0 10% 14% 0%
Deposit in tube just downstream 4% 4% 0% 0% 0% 0% 0%
valves

Deposit in elbow upstream bell 4% 7% 1% 2% 2% 2% 0%
Total deposit 31% 47% 40% 56% 50% 68% 100%
Exit through bell 69% 53% 60% 44% 50% 32% 0%
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Saxophone: Larger droplets all drop off in the instrument, mainly in the neck (68%)
and in the elbow (8%). Remember that in the simulation, once deposited, droplets are
not tracked anymore. In reality, they will stream down to the bow by gravity or ac-
cumulate upstream on tone hole chimneys. New droplets might be emitted through
shedding, with a specific size that remains unknown. It also happens that the musician
intentionally blows on sharp tone keys he has previously opened to expel the liquid deposit
(and/or condensation).

For smaller droplets, results are similar for 5 pm and 0.5 pm. The larger the number of
closed tone holes, the lower both the deposit and the exit through keys, respectively, from
26% and 0% for the Eb, to 35% and 13% with all keys opened. The difference is transferred
to the fraction that exits through the bell, increasing from 53% when keys are opened to
74% when all are closed. The deposit is located mainly in the neck (11%) and the elbow,
where it is higher for the all-opened-keys case (21%, with 4% on the key pads) than for the
all-closed-keys case (11%).

Oboe: The particles behave the same regardless of the fingering. Larger droplets all
drop off, while medium and small droplets all reach the bell.

Clarinet: Contrary to the oboe, due to the cylindrical rather than conical shape of the
tube, there is a deposit of small and medium droplets on internal walls, ranging from 1% to
10%, and exit through tone holes of up to 22%. A large majority, 68% to 99%, reaches the
bell. Larger droplets still all drop off, similar to previous instruments.

Flute: For this particular instrument, as shown in Figure 11, droplets might (i) be
ejected directly into ambient air without penetrating inside the instrument, (ii) deposit on
the external walls of the mouthpiece, (iii) penetrate inside the flute and deposit on internal
walls, or exit the flute through (iv) keys or (v) the main hole on the side opposite to the
mouthpiece. It appears that the majority is either emitted toward the outside or deposited.
Only a small portion (4%) of the smallest droplets reaches the outlets, either the main hole
or keys. Three different notes have been simulated, but their comparison has shown that
fingering had no impact on particle trajectory.

Mouth walls

Outer part of the flute

Inner part of the flute

Figure 11. Identification of the deposit zones for the flute.

To study the influence of the emission angle, two values of this parameter (with respect
to the vertical line) have been used: 42°, aligned with the air flux and the edge on the
mouthpiece, and 20°, which is oriented more toward the mouthpiece hole. The choice
of the latter angle is not based on any realistic or documented condition but is given for
comparison. The smallest particles are not influenced by this angle and follow the air flux.
On the contrary, the largest ones have the highest rate of deposit, and the location where
they drop off depends significantly on the emission angle: inside the flute at a low angle,
or on the internal and external walls of the mouthpiece at 42°. Droplets of 5 ym behave
in between.
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Trumpet: For the trumpet, as for all brass instruments, the only outlet is the bell (not
considering the water key which is not used during musical play). A total of 69% of the
smallest droplets reach the bell in the case of the shortest travel (no valve pushed down).
The deposit is distributed in the different parts of the instrument, mainly the main tuning
slide (6%), valves (13%), following pipe (4%), and last elbow upstream of the bell (4%). Due
to additional deposit in the valve slides, the concentration at the outlet is reduced to 50%
for the longest travel (all valves pushed down). The deposit is larger in the first and third
valve slides, since the second one is notably shorter. For intermediate particles, the deposit
is larger, mainly in the valves but not just there. The concentration at the outlet is reduced
to a range from 32% to 53%. Largest particles all drop off in the instrument. The deposit
is 7% in the main tuning slide, but the majority is deposited upstream, since no droplets
reach the valves. This is why the water key is located on that slide, on the outer diameter at
the elbow exit; indeed, the purpose of this small key is to enable the player to expel liquid
from inside the instrument.

4. Discussion

As previously mentioned in the introduction, we have not found other numerical
investigations of the transportation of droplets by airflow in wind instruments in the
literature. However, a few published articles report measurements of aerosol concentrations
that can be used to compare with our computations. Among them, almost none report
measurements near the keys of woodwind instruments, the latter being generally measured
at the bell. For flute play, the aerosol concentrations measured near the mouthpiece hole
and main outlet are 51 particles/L and 44 particles/L, respectively, therefore in proportions
of 54% and 46% [10]. In the same study, the authors reported a probability density function
of the aerosol size (raw data) centered on 1.2 pm. Considering that this corresponds to dry
residues, since it has traveled through a collection tube before reaching the measuring cell
and fully evaporated during that travel, we might expect original wet aerosols centered
on no more than 5 um [24,32]. From our computations, if we assume that all particles
deposited on the external faces of the mouthpiece are re-emitted near the mouthpiece hole,
and that all particles deposited on the internal walls of the flute stream up to the main
outlet where they are re-emitted, the proportion in aerosol concentrations would be 50%
near the mouthpiece hole and 50% near the main outlet considering a diameter of 5 pm.
For smaller particles, the corresponding rates are 52% and 48%, respectively. These figures
are in good agreement with measurements in [10] .

In our computations, regardless of the wind instrument, droplets with a diameter
of 50 um that are blown inside the instrument all drop off on internal walls. No large
particle reaches any outlet, neither key nor bell. This is in agreement with all published
measurements; none of them report particles with diameters over a few microns.

For smaller particles, the classification of wind instruments with regard to the rate
exiting through the bell is, in decreasing order, (1) oboe, (2) clarinet, (3) saxophone,
(4) trumpet, (5) flute. For the same instruments (except saxophone, which might, how-
ever, be compared to bass clarinet, since both have a neck and bow), a classification with
regard to the aerosol concentration is reported in [10] as follows: (1) trumpet, 2000 parti-
cles/L; (2) oboe, 400 particles/L; (3) clarinet, 200 particles/L; (4) bass clarinet, 60 particles/L;
(5) flute, 50 particles/L. The two classifications only differ by the trumpet. However, the
study in [13] reports the following classification: (1) oboe, 15004000 particles/L; (2) clarinet,
500-3000 particles/L; (3) trumpet, 500-1800 particles/L; (4) saxophone, 70 particles/L; and
flute, <100 particles/L. There is, therefore, a disagreement on the position of the trumpet in
the classification between the two measurement campaigns, but also a large discrepancy in
the concentration level.

However, numerical and experimental approaches agree on the fact that instruments
with a straight structure, like the oboe and clarinet, are more likely to expel aerosols than
instruments with steep turnings, like the saxophone or trumpet. In addition, our numerical
approach provides further insights. It shows that the cylindrical shape of the clarinet
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tends to facilitate both the deposition on internal walls and the exit through opened keys
compared to the conical shape of the oboe. It is nevertheless insufficient to conclude that
this is the reason why the aerosol concentration is higher in the case of the oboe compared
to the clarinet, since they do not have the same types of mouthpieces (single-reed for
clarinet, double-reed for oboe). Therefore, the aerosol concentrations, and also their sizes,
could differ as early as right downstream from the mouthpiece.

One of the significant contributions of this study is its potential to optimize aerosol
measurement techniques. Aerosol measurements in wind instruments have predomi-
nantly been conducted at the bell. This study demonstrates the importance of considering
internal dynamics and multiple measurement points within the instrument to obtain a
comprehensive understanding of aerosol propagation, which can be anticipated with CFD.

By employing CFD, we have identified specific zones within the instruments where
particle deposition and exit occur. This insight allows for the optimization of measurement
instruments by informing the placement of sensors and the selection of appropriate particle
sizes to measure. Consequently, future experimental setups can be designed to capture a
more accurate representation of aerosol behavior, leading to more reliable data.

Finally, the approach is based on aerodynamics. An interesting perspective would be
to take into account the acoustical pressure (and therefore velocities) when the instrument
is played in the computations, to evaluate the possibility of modifying air propagation.

5. Conclusions

This study has shown that the numerical investigation of particle trajectories as carried
by a steady-state averaged flow inside wind instruments leads to observations that are in
agreement with the few experimental measurements published on the topic. Large particles
are deposited in the instrument, and only small particles in the range of microns reach the
outlets, predominantly through the bell. Cylindrical shapes of tubes (clarinet, flute) tend to
increase the amount of small droplets deposited or exiting through tone holes compared to
conical shapes (saxophone, oboe). Steep turnings, as found on brass instruments such as
the trumpet, also lead to a large number of deposits (over 30%).

The behavior of deposited particles has not been addressed, but it can be assumed
that they stream down the internal walls. For curved instruments such as the saxophone or
brass instruments, it is quite unlikely that they will reach openings. However, for straight
instruments like the oboe, clarinet, or flute, both the airflow and gravity tend to guide
droplets towards the bell or tone holes, where re-emission through tearing may occur.

In summary, while the CFD simulations provide valuable insights into aerosol propaga-
tion in wind instruments, they also highlight the need for optimized aerosol measurement
techniques. Future experimental studies should incorporate multiple measurement points
within the instrument and utilize sensors capable of detecting a range of particle sizes.
The proposed approach will help increase the accuracy of aerosol data measurements
by optimizing sensor position and ranges. This study demonstrates the importance of
considering internal dynamics and multiple measurement points within the instrument.
While the CFD simulations have provided significant insights into aerosol propagation in
wind instruments, future experimental investigations are essential to validate these results.
Such validation will strengthen the reliability of CFD as a tool for studying aerosol behavior
in the context of musical instruments.
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Figure A1. Considered fingerings for flute: (a), note B; (b), note G; (c), note C4.
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Figure A2. Considered fingerings for clarinet: (a), note E; (b), note C, (c), note G, (d), note Bp, * refers
to possible alternate fingerings

J
8



Air 2024, 2

307

=
-

e Mo
\Wi=AY
I

S
[!i@

| it
\‘i,‘é N

(c)

Figure A3. Considered fingerings for oboe: (a), note B, (b), note G, (c) all opened.
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Figure A4. Considered fingerings for saxophone: (a), note Bb; (b), note G, (c), note Ff.

Appendix B

Table A1l. Lifetime of water liquid droplets at 26 °C and 50% relative humidity.

Droplet diameter [pm] 5 20 30 50 80 100

Evaporation time [ms] 10 70 150 410 1050 1640
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Appendix C

Further numerical analysis is proposed here to demonstrate the attention paid to
numerical quality. It is applied on the case of the clarinet. Regarding the mesh, it is
automatically computed, although manually tuned to achieve targeted cell sizes. It uses a
Cartesian meshing technology, meaning that cells are cubic. Local refinement is achieved
by progressively cutting cells by two in all directions up to the targeted cell sizes (octree
technique). The nominal mesh contains 0.6 million cells. The basic cell size is 15 mm. It
is increased by a factor of 3 in the farfield. On the opposite, it is refined so that the mesh
contains at least 10 cells in all cross-sections (tube, tone holes). It is also refined up to
5 times close to walls, reaching 0.5 mm at the wall. For the considered flow rate, the y+
ranges from 4 close to the injection plane to 0.5 at the bell inlet. It is therefore below 5,
allowing for the resolution of the viscous sub-layer instead of its modelling through the
use of wall laws.

Two other meshes have been investigated for mesh convergence analysis: a coarser

mesh and a finer one. They are basically obtained by multiplying or dividing, respectively,
the basic cell size by a factor of 2. For the coarse mesh, however, cell size is maintained at
walls to the same level as in the basic mesh, in order to ensure satisfactory y*. Figure A5
shows how the ratio of air coming out through the bell varies with respect to the mesh.
Since the discrepancy between the nominal mesh and the fine mesh is low, the set-up
corresponding to the nominal mesh is applied for all instruments.
Regarding the convergence toward a steady state, about 250 iterations are necessary to
reach the stabilization of physical quantities defined as goals in the simulation. These
quantities are chosen by the user. In the present study, we monitored the convergence for
the following quantities:

* average and maximum velocity for each component in the computational domain;
*  min, max, and average pressure in the computational domain;
*  flow rate and average total pressure through bell exit.

The levels of convergence are below 0.001 Pa for pressures, below 0.004 m/s (0.7%) for
velocities, and 0.01 L/min (0.1%) for flow rate. The solver does not provide the monitoring
of residuals. Furthermore, the time step is automatically chosen, in order to fulfill internal
stability criteria such as Courant number while enabling the fastest convergence.

Table A2. Mesh characteristics.

Level Total Number of Cells Number of Partial Fluid/Solid Cells  Cell Size at Wall Range of y+
Coarse 170,000 90,000 0.50 mm [0.50-4]
Nominal 600,000 180,000 0.50 mm [0.50-4]
Fine 2,800,000 470,000 0.25 mm [0.25-2]
100%
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Figure A5. Clarinet: flow rate at the bell with respect to mesh size.
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