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ABSTRACT

The transport and deposition of micrometer-sized particles in the lung is the primary mechanism for the spread of aerosol borne diseases such
as corona virus disease-19 (COVID-19). Considering the current situation, modeling the transport and deposition of drops in human lung
bronchioles is of utmost importance to determine their consequences on human health. The current study reports experimental observations
on deposition in micro-capillaries, representing distal lung bronchioles, over a wide range of Re that imitates the particle dynamics in the
entire lung. The experiment investigated deposition in tubes of diameter ranging from 0.3 mm to 2 mm and over a wide range of Reynolds
number (1072 < Re < 10°). The range of the tube diameter and Re used in this study is motivated by the dimensions of lung airways and
typical breathing flow rates. The aerosol fluid was loaded with boron doped carbon quantum dots as fluorophores. An aerosol plume was
generated from this mixture fluid using an ultrasonic nebulizer, producing droplets with 6.5 ym as a mean diameter and over a narrow
distribution of sizes. The amount of aerosol deposited on the tube walls was measured using a spectrofluorometer. The experimental results
show that dimensionless deposition (8) varies inversely with the bronchiole aspect ratio (L), with the effect of the Reynolds number (Re) being
significant only at low L. § also increased with increasing dimensionless bronchiole diameter (D), but it is invariant with the particle size based
Reynolds number. We show that 6L ~ Re™> for 107> < Re < 1, which is typical of a diffusion dominated regime. For Re > 1, in the impaction
dominated regime, &L is shown to be independent of Re. We also show a crossover regime where sedimentation becomes important. The
experimental results conclude that lower breathing frequency and higher breath hold time could significantly increase the chances of getting
infected with COVID-19 in crowded places.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029899

I. INTRODUCTION

Several infectious respiratory diseases including corona virus
disease-19 (COVID-19), threatening human lives globally, transmit
primarily via virus laden droplets. Dramatic respiratory events such
as coughs and sneezes that yield a large quantity of poly-dispersed
droplets' play a vital role in aiding such transmission.” ® The res-
piratory exhaled liquid drops of an infected person can get into the
respiratory tract of a healthy human and thus transmit the virus.””
The current outbreak of corona virus disease calls for the immediate
attention of the research community as it demonstrates the global
burden of severe respiratory diseases. An evocative understanding
of the transport of these virus laden droplets inside the lungs is

necessary to estimate the propensity of the virus and to treat it with
pulmonary drugs.'”'" Thus, a study on dynamics of micrometer-
sized droplets through micro-channels mimicking the lung envi-
ronment finds relevance in order to estimate the deposition of
virus laden drops in healthy human lungs. From a more funda-
mental perspective, aerosol deposition is enabled by a complex mix
of several physical mechanisms such as impaction, diffusion, and
sedimentation. The activity level of each physical mechanism is a
strong function of the flow parameters including Reynolds (Re) and
Stokes numbers. The Reynolds number, in particular, is important in
understanding aerosol dynamics as it determines the relative impor-
tance of inertial effects to momentum diffusive effects. When Re is
small, particle deposition is enabled primarily by diffusion toward
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the wall. In contrast, when Re is large, particle deposition is primarily
known to occur by impaction. Therefore, it is important to develop
a fundamental understanding of aerosol deposition as a function of
the Reynolds number.

The architecture of the human lungs consists of a branch-
ing network with sequences of bifurcation, known as bronchi. The
diameter and length of the bronchi change at each bifurcation level,
known as generations (G), starting with the trachea (G = 0). A
quantitative morphological structure of the lung was proposed by
Weibel,'” as shown in Fig. 1. The airways in the tracheobronchial
region, i.e., 0 < G < 16, only conduct the flow of gases into and out
of the lung. In the pulmonary region, i.e., 17 < G < 19, the air sacs
known as alveoli appear on the wall of the airways, which are res-
piratory bronchioles. They are facilitated with the capillary blood
supply that can exchange gases between the inhaled air and blood.
For generations 20 < G < 23, the airways are completely made up
of alveoli where G = 23 consists of clusters of alveoli participating
in gaseous exchange. The length and diameter of the airways of the
different generations of branching, starting from the trachea to the
terminal alveolar sacs, vary over several orders of magnitude. The
trachea has a diameter of 18 mm, ~ ¢(10')mm, whereas G = 23
ends with a diameter of ~0.41 mm, ¢(10")mm."” This variation
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of airway diameter of three orders of magnitude is responsible for
a corresponding variation of the Reynolds number (Re) over the
different generations."” The Reynolds number in each generation is
calculated based on the local bronchiole diameter and flow velocity.
For the purpose of our experiments with phantom bronchioles, Re is
calculated based on the micro-capillary diameter and flow velocity.
Table I presents this information for various generations, estimated
for a tidal volume of 500 ml (for a healthy human) under normal
breathing conditions. Under these conditions, Re is ~ ¢/(10%) in
the trachea and ~ ¢(1072) in the respiratory bronchioles and the
alveoli. One of the challenging aspects of modeling the respiratory
process is that every breath involves transport over six orders of
magnitude Re. Consequently, an accurate model of aerosol trans-
port would have to be able to model turbulent as well as diffusive
transport. While the primary purpose of the respiratory system is
to enable gas exchange, accompanying parasitic transport of inhaled
aerosol is a necessary burden. The deposition of microdroplets in
the lung depends on several biological factors such as the lung mor-
phology and breathing patterns,'* as well as droplet morphology.'”'°
On a related note, transmission of virus laden droplets and optimal
inhalation therapy demand knowledge of lung morphometry. For
example, inter-subject variability in lung morphometry may cause
variation in health risk factors.'”'¥ The complicated geometry of the
lung coupled with the extremely inconsistent nature of airflow dur-
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Brownian motion causes the particles to move toward the wall. The
particle flux to the wall is expected to scale as the inverse of the par-
ticle size and should be independent of the flow parameters since
this mode is active when flow effects are suppressed. This type of
deposition is noticed in the last few generations of the lung where
the airway passages are extremely small, resulting in negligible flow
velocity.” It must be stated that aerosol deposition studies relevant
to the end generations are rare in the current literature™ *° due
to their microdimensions along with complex three-dimensional
geometry. Fishler et al.”” reported experiments on a true scale acinar
model with breathing and showed good agreement with numer-
ical simulations. However, their study was restricted to constant
diameter bifurcations. The investigation of Lin et al.”® with bifur-
cated bronchioles of differing diameter and low Re (between 0.1
and 1) was also restricted to a few generations of the lower lung.
In order to gain a complete understanding of the deposition pro-
cess, one needs to study the process over a range of Reynolds num-
bers where all three processes are allowed to dominate the deposi-
tion process.”””” This forms the core motivation of this work—to
develop an empirically initiated understanding of the droplet depo-
sition process over a wide range of Re (typically five orders of mag-
nitude), which will help us to understand the complete deposition
mechanism in the entire lung, which is critical to mathematical
modeling.‘w"—s 80

The current work presents a fundamental view of droplet depo-
sition on the wall of the bronchioles and mainly focuses on the tran-
sition of the deposition mechanism with several deposition parame-
ters. The literature pertaining to aerosol deposition in circular tubes
and channels™ is quite mature but at the same time mostly focused
on high Re turbulent flows or laminar flows (Re ~ 10' - 10%) with
higher diameter tubes.”'* In all the cases, the deposition was char-
acterized in a range of Re where impaction dominates the deposition
process. The lacuna that the current work attempts to fill is to span
a wider range of Re to gain a holistic understanding of aerosol depo-
sition of all the underlying physical processes. The overarching goal
is to construct a model that will be able to predict deposition in the
entire lung. Toward this end, we will work with micro-capillaries
(as phantom bronchioles) of varying diameters, mimicking the lung
environment (see Table I for details) and subjecting the bronchi-
oles to micrometer-sized droplet laden flows over a wide range of
Re (1072 < Re < 10%). This range represents airflow conditions in
the entire lung from the trachea [Re ~ 0(10°)] to alveoli [Re ~
0(107)]. Our analysis also points to a minimal set of dimension-
less variables that are sufficient to capture the deposition physics
over this wide range of Re. Finally, we will present an experimentally
derived epidemiological model for regional deposition as a function
of aerosol and flow parameters and henceforth estimate the regional
deposition in lungs for different breathing rates and breath hold time
to understand the adverse effect of virus laden drops.

Il. EXPERIMENTAL METHOD
A. Experimental setup

The experimental setup shown in Fig. 2 consists of a horizon-
tal micro-capillary attached to a syringe of 60 ml. The deposition
for different angles of inclination can be calculated from here by
multiplying with the cosine as pointed out by Goldberg.”’ Different
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FIG. 2. Schematic of the experimental setup consisting of an aerosol generator,
micro-capillary, and syringe (60 ml capacity) with a motor arrangement to draw
the syringe at a constant velocity. The inlet of the phantom bronchiole is placed at
a height of 5 mm above the geometric center of the nebulizer exit. Different flow
conditions through the micro-capillaries were achieved by controlling the rotational
speed of the 12 V DC motor using a 32 V, 2 A DC power supply.

diameters and lengths of these phantom bronchioles are intended to
generate flows at different Reynolds numbers. Polytetrafluoroethy-
lene (PTFE) tubules were used as the micro-capillary specimens for
the deposition experiments. These tubules are translucent, are chem-
ically inert, have low permeability, and have one of the lowest coeffi-
cients of friction of any solid. The non-sticky nature of this material
helps in complete removal of the deposited aerosol by washing with
water. PTFE tubules of different diameters, 0.3 mm, 0.5 mm, 1 mm,
1.5 mm, and 2 mm, were obtained from Cole-Parmer®. A syringe
plunger intended to drive the flow is connected to the shaft of a
DC motor. A DC motor of ratings 10 rpm at 12 V and 30 rpm at
12 V is used to achieve different suction rates. With the rotation of
the motor shaft, the plunger is actuated at a constant rate to draw
the aerosol exiting the nebulizer into the PTFE tubule. The rota-
tional speed of the motor is varied to obtain different flow rates and
thereby different Reynolds numbers. The rotational speed is, in turn,
varied by varying the voltage at the motor terminals with the help
of a 32V, 2 A, DC power supply. For very low suction rates (Re
<« 1), a syringe pump is used. Interestingly, the lowest Re experiment
involved an ultra-low flow rate that required that a single experiment
be performed carefully over a duration of 5 h in an ultra-quiet envi-
ronment for reliable measurements. An ultrasonic mesh type nebu-
lizer (Omron Model: NE-U22) is used to generate a finely atomized,
gently rising aerosol plume. For all the runs, the temperature was
maintained at room temperature, which was controlled at ~25°C.
The setup is mounted on a height adjustable stage to ensure proper
motion of the plunger and to maintain the micro-tubule at a height
of 5 mm from the nebulizer exit, where all drop size measurements
were performed.

B. Preparation of aerosol liquid

The aerosol liquid composed of water as the fluid medium was
loaded with boron quantum dots, which acted as fluorophores.”
The photo-physical properties of quantum dots, including carbon
quantum dots (CDs), depend on their size”' as their bandgap origi-
nates from quantum confinement. The tuning of the bandgap, which
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is measured by the quantum yield (QY), can be achieved by incor-
porating trap sites while introducing functional groups during the
synthesis of CDs. In order to increase the QY, trap sites of CDs
are often doped with heteroatoms such as nitrogenfl boron,” or
phosphorous™ depending on the application.

The synthesis of Boron doped Carbon Quantum Dots (BCDs)
was done in the laboratory through a bottom-up process. Care was
taken to ensure that the de-ionized (DI) water used for synthesis of
CDs and BCDs has a pH of 7. All the chemicals used for synthe-
sis were sourced from Sigma-Aldrich®, Merck®, Fischer Scientific®,

and Spectrochem®. Equimolar concentration solutions at 0.5M each
of boric acid (boron precursor) and glucose (carbon precursor) were
prepared with 10 ml of DI water and mixed using a magnetic stirrer
at 300 rpm for 15 min. The solution was transferred to a glass bowl (a)
and treated under commercial microwave (IFB®) radiation of 700 W
for 5 min. The resulting solid was then dried in vacuum to remove all
volatiles and dispersed in 500 ml of DI water to form an olive green
solution, as shown in Fig. 3(a). The larger particles were sorted out
by centrifugation at 1500 g for 15 min and filtered in vacuum using a
10 kDa filter. The resultant solution emits blue light when excited by
a wavelength of 350 nm, as shown in Fig. 3(b). The morphological
characteristics of BCDs were investigated by Transmission Electron
Microscopy (TEM) [see Fig. 4(b) for a representative image]. Their
size distribution was estimated from the TEM images with the help
of Image]® software. Figure 4(b) shows the obtained size distribu-
tion. As can be seen, the BCDs are nearly monodisperse and range
in size from 1 nm to 2 nm [Fig. 4(b)], which is ~5 orders smaller
than the smallest dimension of the phantom bronchiole used in our
experiment. Since the BCDs were nearly mono-disperse, the emit-
ted fluorescence spectrum is likely to be in a narrow wavelength

Count

band. Diameter (nm)
(b)
C. Characterization of aerosol plume
FIG. 4. (a) Transmission Electron Microscopy (TEM) image of Boron Quantum
The respiratory events generate a wide range of droplets based Dots (BCDs). (b) Histogram of the size distribution of BCDs estimated from the
on cough, sneeze, speech, and breath.”” The study of Duguid™*”’ TEM images. The BCD distribution is nearly monodisperse.

showed that 95% of the drops generated during sneeze and cough lie
between 2 ym and 100 ym. According to Yang et al.,” the drop size
ranges between 0.62 ym and 15.9 ym during cough with a mean drop

size of 8.35 ym. The droplet generated due to breath is very small,
ranging between 0.15 ym and 0.19 ym,””*’ which can easily travel
to the deep lung, causing enormous health impact. In this study,
a mesh type ultrasonic nebulizer was used to generate the poly-
dispersed aerosol plume. The nebulization flow rate was maintained
constant at 0.25 ml/min. The droplet size and velocity distributions
of the aerosol plume generated by the nebulizer were characterized
using a TSI® Phase Doppler Particle Analyzer (PDPA). The PDPA
is a non-intrusive, laser-based, single particle and point measure-
ment system that works on the principle of interferometric particle
sizing. The optical settings employed for the PDPA are given in
Table TI. Since accurate size measurement depends on the phase
difference of photodetectors, phase calibration was periodically per-
formed to avoid unexpected phase delay. The optical settings of the

‘(a} (b) PDPA were adjusted such that the particle diameter measurement
. — range is 0.5 ym-165 ym with an estimated accuracy of +0.1 ym
FIG. 3. Images of vials (a) containing freshly prepared Boron doped Carbon Dots over the entire range. A wide range of velocity measurements from

(BCDs) and (b) showing emission of blue light by BCDs when excited by UV light

o 560 e et —100 m/s to 200 m/s was also possible through the appropriate band-

pass filter choice. As a result, drop size and velocity were measured
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TABLE II. Optical settings of the PDPA.

Optical settings Values
Transmitter wavelength 532 nm
Transmitter focal length 363 mm
Laser beam separation 50 mm
Laser beam diameter 2.10 mm
Beam expander ratio 1
Beam waist 117.09 ym
Fringe spacing 3.8715 um
Bragg cell frequency 40 MHz
Off-axis angle 43°
Mode of scattering Refraction
Refraction index 1.33

with an accuracy of +0.2%. In addition, the photomultiplier tube
(PMT) voltage is chosen such that it does not add noise to the data
while producing a good data rate. Finally, care was taken to ensure
that the validation rate was always greater than 95%. This ensured
that the drop size distribution was measured with a high degree of
fidelity.”'

The diameter and velocity of the aerosol plume exiting the neb-
ulizer are measured at different radial locations, 2 mm apart, at an
axial distance of 5 mm from the nebulizer exit. For ensuring high
statistical reliability of the PDPA measurement, 10 000 drops were
sampled at each measurement location. The PDPA only yields point-
wise drop size distribution data. A global size and velocity distribu-
tion, characteristic of the entire nebulizer, was calculated from the
point-wise data following the method of Tratnig and Brenn®” and
Dhivyaraja et al.”” The global probability density functions (Pdfs)
of both drop size and velocity are true representations of nebulizer
performance since they are insensitive to external factors.””

The global aerosol drop size pdf [Z(d)] is shown in Fig. 5(a).
The size distribution of the droplets represents a smaller range of
drop sizes generated from cough and sneeze. However, the dis-
tribution exactly represents the drop sizes generated during loud
speech.“ The mode of the distribution is at 6.5 ym, which is taken as
the characteristic droplet size in the aerosol plume. The velocity pdf
[%(u)] in Fig. 5(b) denotes that the most probable velocity occurs
for 0 < u(m/s) < 0.5. The mean velocity in this range from this pdf
was found to be 0.44 m/s. We would like to ascertain that coagulation
is not significant, especially in the longer duration experiment. The
granular temperature of the rising plume measured as the variance of
the velocity pdf is an important measure of the collision frequency,
which could in turn lead to coagulation. From the measured veloc-
ity pdf, it was estimated that only 11% of the total kinetic energy was
contained in disorderly motion as granular temperature; the remain-
ing 89% was contained in the mean motion of the droplets. This
kinetic energy of the droplets in the disordered motion is further
damped when the droplet laden gas enters the test micro-capillary
environment due to the lower Re in the capillary in comparison to
that of the plume. Therefore, it was estimated that the droplet col-
lision frequency leading to droplet coagulation is further reduced
and negligible. The deposition fraction is measured in each exper-
iment as the ratio of the deposited aerosol to the amount of aerosol
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FIG. 5. Plot of (a) the global diameter probability distribution function and (b) the
global velocity probability distribution function, both measured using the PDPA.

that is present in the volume of air drawn into the capillary repre-
senting the distal bronchiole. For this purpose, the aerosol volume
fraction () is estimated. This parameter can be estimated from
the PDPA-measured particle concentration (which is equal to 9.3
x 10%cc™" on the centerline from where the plume is drawn into
the test section). By multiplying the particle concentration with a
representative drop volume, &y can be estimated to be 6.26 x 107°.
Since the volume fraction is ~10~°, the aerosol plume can be con-
strued to be dilute and consist of non-interacting droplets. From
these measurements, one can conclude that a finely atomized, gen-
tly rising, sparse non-coagulating aerosol plume was formed by the
nebulizer.

Since the aerosol size distribution formed by the nebulizer is
poly-dispersed, it is important to ascertain that the deposition pro-
cess for drops of all sizes in the range of particle sizes at any operating
condition is dominated by a single physical process.”” For this pur-
pose, we have computed the range of Stokes numbers (Stk) and
Schmidt numbers (Sc) associated with the complete range of drop
deiuo
18ugly ”
pp is the particle density, d, is the particle diameter, y, is the gas
medium viscosity, ug is the free stream velocity, and Iy is the char-
acteristic length. The Schmidt number is given by Sc = P%, where y

where

sizes in the plume. The Stokes number is given by Stk =
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is the fluid viscosity, p is the fluid density, and D is the mass diffu-
sivity. Table III presents a listing of the ranges of these numbers for
various operating Re conditions. As can be seen, the Stokes number
associated with the smallest as well as the largest aerosol particle in
the distribution was never greater than 107> for all the experiments
reported herein. In addition, the Schmidt number (based on particle
diffusivity) for the minimum as well as maximum size particles in the
plume was at least 10° for all cases of Re. In other words, the particle
deposition for all the particles in the distribution was characterized
by low Stokes and high Schmidt numbers. This fact further rein-
forces the idea that the deposition physics associated with particles
in the entire distribution is similar—one that faithfully follows the
flow field and one that is diffusion dominated. The deposition char-
acteristics are, therefore, a function of Re only and not influenced by
the fact that the aerosol plume is not monodisperse.

D. Preparation and analysis of deposition samples

The fluorescence signal from the BCDs in the sample was mea-
sured using a Horiba FluoroMax® spectrofluorometer. The instru-
ment consists of a 150 W xenon arc lamp, which were self-calibrated
for all wavelength drives and slits. The fluorescence detector con-
sisted of a photomultiplier tube (PMT) that can capture emission
wavelengths from 185 nm to 850 nm with an accuracy of +0.5 nm
and a repeatability of 0.1 nm. The water Raman signal to noise ratio
was found to be 6000:1, as calculated using the First Standard Devi-
ation (FSD) method, and 16 000:1, as calculated using the root mean
square (rms) method. This ensured that the fluorescence signal from
the BCDs was not confounded by the signal from other sources.

The experiment involved an aerosol plume flowing through
the PTFE micro-capillaries at a prescribed flow rate. The deposited
aerosols within the capillary were then flushed thoroughly with
6 ml of DI water to prepare the samples for measuring aerosol con-
centration. From this, a sample volume of 2 ml of the solution is
taken in the cuvette and excited with the wavelength of 340 nm
with a slit width of 3 nm. The emission intensity was recorded for
different wavelengths varying from 405 nm to 610 nm, with a slit
width of 5 nm. The sensitivity of the instrument was checked for an
empty cuvette, a cuvette containing DI water, as well as a cuvette
containing fluorescence samples for the lowest deposition recorded.
It was found that the intensity of the water containing a fluorescence
sample is at least one order higher than that of normal DI water.
The intensity obtained for various aerosol deposition measurements

TABLE lll. A table listing the range of Stokes and Schmidt numbers for all size drops
in the complete set of experiments. dpin = 1 pm and dmax = 20 um from the measured
drop size pdf.
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is compared with the intensity obtained from 1 ml of aerosol lig-
uid (i.e., BCD) dissolved in the same volume of DI water used for
flushing the capillaries. This is taken as the reference value for esti-
mating the deposition in the distal bronchiole. Finally, the concen-
tration of the deposited aerosol was calculated from the fluorescence
measurement.

lll. RESULTS

The deposition of microdroplets is investigated for micro-
capillaries of differing lengths and diameters to mimic flow at dif-
ferent Reynolds numbers. The deposition concentration of aerosol
in these distal bronchioles can be expressed as a function of several
parameters as

d:f(L,D,Q,T,V,Dlo,(X()). (1)
Here, d is the measured droplet deposition (ml), & is the volume
fraction of the drop from the nebulizer (ml of aerosol per ml of
space), L is the length of distal bronchioles (mm), D is the distal
bronchiole diameter (mm), Q is the volume flow rate (ml/s), T is the
time duration of the flow (s), v is the kinematic viscosity of air (m?/s),
and Dy is the mean droplet diameter (ym). From a careful dimen-
sionless analysis, one can identify the following relevant dimension-
less parameters from the above parameters using the Buckingham IT
theorem. These dimensionless parameters are defined in Table IV.
The deposition of droplets is investigated over a wide range
of flow conditions, 1072 < Re < 10°. If QT is the total volume of
air that has flown through the distal bronchioles during the exper-
iment, agQT is the total volume of aerosol that entered the distal
bronchioles as a result. The deposition fraction (D) is the fraction
of the exposed aerosol (a¢9QT) that has been deposited in the distal
bronchioles. This is likely to increase with increasing length of the
bronchiole and time of exposure.’’ In order to normalize for these
effects, a dimensionless deposition fraction per unit (dimensionless)
length and (dimensionless) time, ¢ is defined as

_DF

d=—.
LT

2

Equation (1) can be rewritten in terms of the dimensionless param-
eters in Table I'V as

8= G(Re, D, L, T> o). 3)

It is the goal of this work to identify a physics-consistent and
universal function G as in Eq. (3) from experimental data.

The deposition experiments were repeated several times for dif-
ferent flow conditions to ascertain the repeatability of the deposition

TABLE IV. Definition of dimensionless parameters.

Re Stokes number Schmidt number
S iy s - ; Dimensionless parameter Definition
10 470 x 107" > 1,90 x 10 6.10 x 10° - 1.20 x 10
102 470x1071° 5190 x 1077 6.10 x 10° — 1.20 x 107 Deposition fraction (Dr) dl(aQT)
10 470%10"° - 1.90 x 10~ ° 6.10 x 10° - 1.20 x 107 Aspect ratio (L) L/D
1 470x 10" % > 1.90x 1077 6.10 x 10° — 1.20 x 107 Dimensionless tubule diameter (D) D/Dyyg
107! 470% 1077 - 1.90 x 10~* 6.10 x 10° - 1.20 x 107 Reynolds number (Re) 4Q/(nvD)
1072 470%107°—>1.90 x 10~° 6.10 x 10° - 1.20 x 107 Dimensionless time (T) 4QT/(nD%)
Phys. Fluids 32, 111903 (2020); doi: 10.1063/5.0029899 32, 111903-6
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TABLE V. Uncertainty in the measured and calculated parameters.

Derived parameters Estimated uncertainty (%)

Deposition fraction (Dr) +5
Aspect ratio (L) +1
Dimensionless diameter (D) +1.5
Reynolds number (Re) +0.2
Dimensionless time (T) +0.6
A +5

fraction in the distal bronchioles. The maximum estimated uncer-
tainty’” for all the measured parameters was within +5%. The val-
ues are given in Table V. We will now investigate the effect of the
various dimensionless groups on the dimensionless deposition, Dr
and d.

A. Effect of L, D, and Re on deposition

Figure 6 presents the variation of § with L for different values
of Re. The values of Re are chosen such that they span the range of
Reynolds numbers encountered in the upper bronchi, where iner-
tial effects are significant. D was maintained constant at 77 for all
data in Fig. 6. The results show that § decreases with an increase
in L. In other words, the deposition per unit length and unit time
decreases as the length of the tubule increases. For small values
of L, the effect of Re is visible. For small L, inertial effects play a
role in decreasing deposition. However, for high aspect ratios, the
effect of Re is insignificant. It is also noted that for all the cases, the
deposition is highest for Re = 512 and lower for both Re = 1024

%107
7 —
D=T77
6- O Re=256
O Re=512
A Re=1024
S.
Q4 %
: 3
2..
]
l T T T 1
50 100 150 200

E

FIG. 6. Plot of the variation of dimensionless deposition (8) vs aspect ratio (L) for
different Reynolds numbers (Re). The data show an inverse relation of & with the
bronchiole aspect ratio (L). For high L, the effect of Re is negligible.
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and Re = 256. High Re produces high velocity (since the capillary
diameter is constant), which causes the aerosol particles to pass
through the capillary rather than depositing on the wall. On the
other hand, low Re reduces the flow rate (since Re = Q/vD), simul-
taneously reducing the ingress of the particles in the tube. This
may be a reason for § showing non-monotonic variation with Re.
Nevertheless, this is an interesting observation that deserves further
investigation.

The effect of the dimensionless bronchiole diameter on depo-
sition for constant Re = 512 is shown in Fig. 7. §, representing the
deposition fraction per unit dimensionless length of the bronchi-
ole per unit dimensionless suction time, increases with an increase
in bronchiole diameter, represented by D. The rate of increase in &
decreases for D > 150. This is because for a constant Re, the increase
in bronchiole diameter requires the flow rate to increase since Re
= Q/vD, which increases the deposition significantly. The value of §
is lowest for L = 200 and increases with a decrease in L, similar to
the trends shown in Fig. 8. Figure 8(a) is a plot of 8 vs D for different
flow conditions. The suction flow rates are represented by a particle-
based Reynolds number Re, = 4Q/(nvDyo). Interestingly, Re, = ReD,
which can be understood as a Reynolds number based on the mean
particle size, Dig. As can be seen, § increases with an increase in the
dimensionless bronchiole diameter (D), but is not dependent on the
particle-based Reynolds number. This is unlike the data presented
for a constant Re in Fig. 7. As D increases at a constant ReD, the
mean velocity of the airflow in the bronchiole decreases. This causes
the rate of deposition to increase since diffusion-driven and gravi-
tational settling become relevant. It is important to note that both
Figs. 7 and 8 are plotted with the & coordinate being plotted on a
logarithmic axis. A factor of 6 change in D brings about three orders
of magnitude change to the deposition fraction. Therefore, it can be
concluded that the bronchiole diameter is an important parameter in
determining aerosol deposition. Figure 8(b) presents the same data

100
] B
1074 E L

g ¥
-8
o 10 §

10.9_' v Re =512
] O L=50
g O L=100
: A T=150

10|
10 v L=200

50 100 150 200 250 300

D

FIG. 7. Plot of dimensionless deposition (&) vs dimensionless bronchiole diameter
(D) for varying bronchiole aspect ratios (L). The Reynolds number is constant at
Re = 512. It is seen that with an increase in D, the dimensionless deposition (3)
increases, while  still follows the inverse relation with 6 for a constant D.
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FIG. 8. (a) Plot of dimensionless deposition (&) vs D for varying particle-based
Reynolds numbers (Re, = ReD). L = 100 for all data in this plot. It is seen that

8 increases with D. ReD does not affect the deposition. (b) The same data are
re-plotted to show the variation of 6T vs D". The best fit power law is given by

8T = 7.3 x 10~3D’. The fitis independent of ReD. Re ~ 108 for all data in these
plots, implying impaction-dominated deposition.

as in Fig. 8(a) with the abscissa now changed to D’ and the ordinate

re-scaled to SL. Clearly, 6L ~ D’ and s independent of Re. We will
investigate this further in Sec. I1I B.

B. Deposition for the entire Re range

Further experiments were carried out for different orders of
magnitude of Re ranging from 107> < Re < 10° in this study.
To the best of our knowledge, this is the first report where the

scitation.org/journal/phf

entire dynamic range of lung-relevant Reynolds numbers has been
explored in one experiment.

The effect of Re on &L is investigated for L = 50 and 150 in
Fig. 9. It may be recalled that 8L is the dimensionless rate of depo-
sition. It can be seen that when &L is plotted against Re, the data in
Fig. 9 nicely collapse onto a single curve. This data collapse points to
a minimal set of dimensionless parameters that is required to com-
pletely describe aerosol deposition. Data from the literature have
also been re-plotted in the current nomenclature in Fig. 9. First, it
can be seen that at any value of Re, there is a significant variation
in the data from the literature. Second, the data in the literature are
limited to values of Re > 10°. It can be seen from Fig. 9 that our data
are within the range of values from the literature. Two asymptotic
regimes can be seen in Fig. 9. For Re > 1, 8L is independent of Re.
This is the parametric regime where deposition happens mostly due
to impaction on the bronchiole walls. For Re < 1, 8L ~ Re”2. For
Re = 1, the velocity of the flow is in ~ €(107%) m/s, which causes
sedimentation of particles and increases § by an order of magni-
tude. A further reduction in Re causes the suction velocity to be
small enough that diffusion becomes the dominant mode of depo-
sition. In addition, 8L increases by several orders of magnitude as Re
is decreased from 10° to 1072, i.e., from the impaction regime to the
diffusion regime. The order of 6L is almost constant in the impaction
regime, while it increases for Re < 1.

IV. DISCUSSION

The data collapse in Figs. 8(b) and 9 points to a universal
description of deposition in dimensionless terms as a function of D
and Re, the two abscissa parameters in these figures. A best fit of the

102 =
Diffusion i O L=50
O L=150
3 @ A Kim et. al (1984)
1074 < Matsui et. al (1974)
;Sedimentationi el
10 215 |
1
1= Y
© 107 ®
i Impaction
oA 1
r %
; o
-6 ! |
10 — a0 A %
! S A ) ALY 4 PR 3 G
1074 . S 4
i i i

Re

FIG. 9. Plot of 6L vs Re for D being constant at 77 and for L = 50 and 150. Re
varies over five orders of magnitude. Interestingly, L ~ Re~2 for Re < 1 and is
constant for Re > 1. In the plot, the green dashed-dotted line is the best fit for Re
< 1given by 6 = 1.55x 10~7Re2. The blue dashed-dotted line is the best fit for
Re > 1 given by 6L = 2.73 x 10~7. Figure legend: green triangles—Kim et al.;*’
left pointing triangles—Matsui et al.;%® and pink squares—Tao et al.?
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data in Figs. 8(b) and 9 is given by

SL=73x10""D’
=1.55% 10 'Re 2

if Re > 1 (4a)
if Re < 1. (4b)

Equations (4) explain the data in both Figs. 8 and 9. This is the
explicit form of Eq. (3) that we set out to identify. Equations (4)
also indicate the minimal set of dimensionless parameters that
are required to model aerosol deposition over the entire range of
operating conditions.

In order to study the physics underlying Egs. (4), it is use-
ful to recast Egs. (4) back into the dimensional parameter form.
From the dimensional form of Eq. (4a) for Re <« 1, we find that d
o< v T2/ Dyo. Recall that d is defined as the total volume of aerosol
deposited in time T. For Re < 1, as expected, the flow rate and other
parameters do not play a role. The deposition depends linearly on
the particle concentration ag. The rate of deposition is proportional
to D7, as one would expect in diffusion-dominated deposition (since
the diffusion co-efficient scales as Dy, ). From the dimensional form
of Eq. (4b) for Re > 1, we find that d Qszrxo/Dfo. Again, as
expected, the deposition in this case is dependent on the square of
the velocity (Q*) and depends linearly on the particle concentration
(ao) since d is dominated by impaction. Therefore, we conclude that
the empirically motivated correlations that we have presented are
also consistent with the physics-based scaling laws in the respective
regimes.

Equation (4) is a closed form expression to estimate the depo-
sition in the lung bronchiole. We have ignored the effect of the
lung orientation in this study. However, as pointed out by Gold-
berg and Smith,”’ one could account for the orientation angle by
re-scaling time using the cosine of the angle of inclination. In con-
clusion, we have developed a quantitative physics-consistent cor-
relation to predict the rate of deposition in any bronchiole. This
modeling approach is grounded in experiments and could be con-
strued to be complementary to purely computational simulation’’
approaches that are being pursued in the recent literature.

V. ESTIMATION OF REGIONAL DEPOSITION FROM
EXPERIMENTAL MODEL

The intention of developing the model in Egs. (4) from the
experimental results is to calculate the regional deposition in lungs
for estimating the propensity of a virus infected droplet entering
and depositing in the human lung. The virus laden droplets may
start showing its harmful effects only after they reach the respira-
tory zone of the lungs where they come in contact with the blood
stream.”” Therefore, an estimation of alveolar deposition for varying
breathing frequency and breath hold time is important to under-
stand the dynamics of infection. It is well known that the breathing
frequency and breath hold time have a significant effect on aerosol
deposition.

The above developed model is used to analyze the effect of
breathing frequency and breath hold time for the deposition of a par-
ticle sized ~ /(10 ym) (it must be mentioned that the final conclu-
sions are independent of this choice). Figure 10(a) shows the effect
of breathing frequency on regional deposition in lungs. The regional
deposition fraction is analyzed for varying time periods of breathing
(inspiration plus expiration) ranging from 1 s to 4 s. The variation
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FIG. 10. (a) Plot of Dr and lung generations (G) for different breathing frequencies.
The time for each breathing cycle is considered as the time for inspiration and
expiration together. (b) Plot of D and G for different breath hold time. For both the
plots, it can be seen that the model for Re > 1 does not show any response with
breathing frequency and breath hold time, whereas the model for Re < 1 is found
to be very sensitive for both of these parameters.

of breathing frequency is mainly due to different types of activities
we do throughout the day. The breathing cycle of 1 s (inspiration
for 0.5 s and expiration for 0.5 s) takes place at the time of intense
activity such as running, swimming, cycling, climbing, and other
different workouts. The breathing cycle of 2 s represents moderate
activities such as walking and light workouts, and the breathing cycle
of 4 s represents sedentary activities such as sitting and lying down,
which also represent the normal breathing cycle of a human adult.
The regional deposition for the normal breathing cycle matches well
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with that of Hinds'' for particle size in the order of 10 ym. It can
be seen in Fig. 10 that the deposition decreases exponentially from 0
< G < 11 and rises exponentially for 12 < G < 23. It may be recalled
that G denotes the dichotomous branching generation number in
the lung. The deposition model in Eqgs. (4) is valid in the asymptotic
limits of Re << 1 and Re > 1. The region near Re ~ 1 is a crossover
region where the equations are strictly not valid. This is the source
of the discontinuity in Fig. 10.

From Fig. 10(a), it can be seen that for intense activity, the
deposition in the alveolar region is significantly low and the total
deposition in lungs is decreased. With a decrease in breathing fre-
quency, the deposition for Re < 1 increases, whereas the deposition
for Re > 1 is constant. This is because the model for Re << 1 [refer to
Egs. (4)] indicates that the dimensionless deposition is proportional
to Re”2, whereas for Re > 1, the deposition is independent of Re.
Thus, lower breathing frequency increases deposition in the alveolar
region of the lungs due to high residence time of the aerosol, which
enhances the diffusion process. Thus, long breaths in crowded places
may be a threat for virus infections.

The alveolar deposition can be further increased by introducing
a breath hold time between inspiration and expiration. Figure 10(b)
shows the effect of the breath hold time on alveolar deposition
for a breathing cycle of 4 s. The breath hold time contributes to
the diffusion deposition process (Re < 1) that is dominant in the
alveolar region, in turn increasing aerosol deposition in the alve-
olus. Figure 11 shows that the increase in alveolar deposition is
non-linear with breathing frequency (Dg ~ T?). Thus, the increase
in alveolar deposition becomes insignificant after certain duration
of the breathing cycle. However, the alveolar deposition linearly
increases with the breath hold time (Dg ~ Tl'z), which indicates that

O Breathing Cycle
25 QO Breath Hold Time (@) -
S 20- Q.
e, .
15 .
;‘ca ’_/OI ﬂ - /D
—_— | O i
3 10 —# W
Z #5 o
< 5- 0 o
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o{ Ba--B
0 5 10 15 20

Time (s)

FIG. 11. Plot of the variation of the alveolar deposition fraction (Df) with time for
different breathing frequencies and breath hold time. The alveolar for different
breathing cycles is of non-linear nature where Dr scales to T? (blue dashed-
dotted line: Dr = 0.04T2). The alveolar deposition for different breath hold time
is somewhat linear where Dr scales to T'® (red dashed-dotted line: 0.766T"').
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longer breath hold time can increase the chances of virus infection
significantly.

Figure 11 shows that the effect of the breath hold time is more
significant than that of the breathing frequency. Since both the
curves diverge with time (refer to Fig. 11), it can be inferred that
higher breath hold time can be dangerous in terms of getting infected
from the virus laden droplets. The addition of lower breathing fre-
quency (i.e., increase in inspiration and expiration time) can also
cause the situation to worsen as it increases the residence time of
the infected particles in the distal lung airways. The increase in the
residence time will enhance the deposition in the alveolar airways
since the diffusive deposition, which is the dominant mechanism in
the distal lung, is directly proportional to time. Therefore, in addi-
tion to a lower breathing frequency, introduction of breath hold time
in between inhalation and exhalation can increase the threat of virus
infection in a crowded place.

VI. SUMMARY

An experimental study of aerosol deposition has been carried
out for a wide range of Reynolds numbers (107% < Re < 10%); for
different capillary diameters, ranging from 0.3 mm to 2 mm, rep-
resenting distal lung bronchioles; and for differing capillary aspect
ratios. The aerosols were generated using an ultrasonic nebulizer
with a mean droplet size of 6.5 ym. The aerosol particles were doped
with boron quantum dots, the deposition of which was quantified
using a spectrofluorometer. The results conclude that dimensionless
deposition in a particular bronchiole (d) is inversely proportional
to the aspect ratio of the bronchiole (L) (refer to Fig. 6), but the
effect of Re diminishes with increasing L. The value of & is found to
increase exponentially with an increase in the dimensionless diam-
eter (D) for different L. In addition, & decreases with an increase in
L for all D. However, the variation of § with L is small compared
to its variation with D. The value of & is independent of the particle
size based Reynolds number (ReD). For all ReD, & exhibits an expo-
nential increase with D. 8L is independent of L over several orders
of magnitude of Re, which confirms the inverse relation between
8 and L in Fig. 6. For low Re, 8L ~ Re”?, indicating that the amount
of aerosol deposited is independent of the flow conditions and
only depends on the aerosol conditions. This is the case with diffu-
sion dominated deposition. The parameter regime where 10™! < Re
< 10 is identified as the zone where sedimentation is dominant. 6L
is independent of Re for 10 < Re < 10, which is identified as the
impaction regime. Figure 10 indicates that the lower breathing fre-
quency or higher breath hold time in between inhalation and exha-
lation can increase the threat of virus infection in a crowded place
since both of the phenomena increase the deposition in the alveolar
region.
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