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ABSTRACT

Motion of monodispersed aerosol particles suspended in
air flow has been studied on realistic transparent model of
human airways using Phase Doppler Particle Analyser
(P/DPA). Time-resolved velocity data for particles in size
range 1 to 8 um were processed using Fuzzy Slotting
Technique to estimate the power spectral density (PSD) of
velocity fluctuations. The optimum processing setup for our
data was found and recommendations for future experiments
to improve PSD quality were suggested. Typical PSD plots at
mainstream positions of the trachea and the upper bronchi are
documented and differences among (1) steady-flow regimes
and equivalent cyclic breathing regimes, (2) inspiration and
expiration breathing phase and (3) behaviour of particles of
different sizes are described in several positions of the airway
model. Systematically higher level of velocity fluctuations in
the upper part of the frequency range (30 — 500 Hz) was found
for cyclic flows in comparison with corresponding steady
flows. Expiratory flows in both the steady and cyclic cases
produce more high-frequency fluctuations compared to
inspiratory flows. Negligible differences were found for flow
of particles in the inspected size range 1 to 8 pm at
frequencies below 500 Hz. This finding was explained by
Stokes number analysis. Implied match of the air and particle
flows thereby indicates turbulent diffusion as important
deposition mechanism and confirms the capability to use the
P/DPA data as the air flow velocity estimate.

INTRODUCTION

Transport and deposition of aerosol in human airways has
been of research interest for several decades. Main present
motivation for elucidation of related phenomena is the
increasing tendency of therapeutical drug application in the
form of the inhaled aerosol (Azarmi et al., 2008). Aerosol
deposition in the human airways is also extensively studied in
many industrial hygiene related researches (Kleinstreuer et al.,
2008; Sosnowski et al., 2007; Su and Cheng, 2009 and
others).

Published works show that the air flow in the multiple-
bifurcating airway system is a very complex phenomena
showing turbulent, transitionary and laminar behaviour
depending on breathing conditions, morphology and position
in the airways (Cohen et al., 1993; Guan and Martonen, 2000;

Ramuzat and Riethmuller, 2002; Martonen et al., 2002;
Kleinstreuer and Zhang, 2003; Fresconi et al., 2003; Li et al.,
2007). Transitionary and turbulent flows often occur in the
mouth-throat and upper conducting airways while laminar
flow controls transport beyond approximately the 9th
generation of the bronchi. Within this wide range of
conditions, fate of the inhaled particles depends on their size
in conjunction with the local flow dynamics. Aerosol
deposition may occur due to impaction, sedimentation,
diffusion, and turbulent dispersion.

The occurrence of upstream turbulent flows may influence
both the inlet velocity and particle profiles entering the
bifurcation and may enhance deposition within the model
(Longest and Holbrook, 2011). The turbulence induced by the
laryngeal jet significantly affects airway flow patterns as well
as tracheal wall shear stress (Lin et al., 2007) and is
responsible for increased local particle deposition (Gemci et
al., 2002; Chan et al., 1980). Kleinstreuer and Zhang (2003)
demonstrated the importance of transitional and turbulent
flows on particle deposition throughout an oral-trachea airway
model. They reported enhanced particle deposition in the
trachea near the larynx due to turbulence and throughout the
airway mainly for small particles (Stk < 0.06) due to turbulent
dispersion. Sosnowski et al., 2007 used CFD modelling to
study behaviour of aerosol particles with size 0.3 — 10 pm in
the oro-pharynx under unsteady airflow and found higher
deposition efficiency for smaller particles due to strong effects
of turbulent diffusion. Kleinstreuer et al., 2008 modelled
deposition of micron-size particles in pulmonary airway
replicas and located particles mainly around the carinal ridges
deposited due to inertial impaction but some particles also
landed outside the vicinities of the cranial ridges due to
secondary flows and turbulent dispersion. Cheng et al., 1997
used oral airway replicas and found that turbulent diffusional
deposition is the dominant deposition mechanism of ultrafine
particles (< 0.1 pm).

Turbulence in the respiratory tract is generated by several
mechanisms. Primary source of turbulence is often the inhaler,
which delivers particles into the mouth producing high
momentum turbulent spray jet. A high-speed laryngeal jet is
formed as the flow passes through the glottis; this jet induces
turbulent flow in the trachea. Lin et al. (2007) found out that
regions of maximum local turbulence in the trachea are
associated with  Taylor-Gortler-like  coherent  vortical



structures in the supraglottis and the subglottis. Hiemenz flow
(characterised by transition to turbulence at low Reynolds
numbers (250) (Obrist et al., 2011)) at the carinal ridges can
be related to the increased turbulence in daughter branches
during inspiration. Overall fluid motion in curved airway
tubes has helical character (Guan and Martonen, 2000); the
vortices formed contribute to turbulence. It was confirmed in
the left curved bronchus by Grofie et al. (2007). Mixing of
streams from daughter branches is a source of turbulence for
expiratory flows. Complex flow structures containing different
types of vortices, flow detachment, wakes, simultaneous
bidirectional flow, recirculation zones and velocity
oscillations observed nparticularly for cyclic breathing as
described in a number of papers (brief review in Jedelsky et
al., 2010a) contribute to the turbulence as well. The turbulence
in airways is generally strongly anisotropic with major part of
turbulent kinetic energy (TKE) contained preferably in axial
direction of the flow (Longest and Holbrook, 2011).

Turbulent flow contains unsteady vortices which appear
on many different length scales and interact with each other.
Most of the kinetic energy of the turbulent motion is contained
in the large-scale structures generated by the flow. These
energetic structures transform to smaller-scale vortices by an
inertial and basically inviscid mechanism. Smaller and smaller
structures are produced until they are small enough for
molecular diffusion to become important and viscous
dissipation of energy finally takes place. This process known
as the energy "cascade" leads to essentially continuous
frequency spectrum of TKE. The largest eddies appear at low
frequencies and are followed by energy containing eddies that
are characterized by maximum amplitude at the spectrum.
Inertial subrange, at higher frequencies, shows decreasing
TKE tendency with frequency and successive dissipation
subrange at the highest frequencies shows even faster TKE
decay with frequency. The TKE spectrum can be estimated
using time-resolved measurement of velocity of particle laden
turbulent flows by laser-Doppler techniques such as P/DPA.
Fate of airborne particles in turbulent flows depends on their
Stk. Very small particles (Stk << 1) follow the fluid motion,
while larger particles (Stk ~ 1) tend to be centrifuged toward
the peripheries of the vortical structures. For Stk >> 1 the
particles move essentially independent of the fluid (Crowe et
al., 1998). Small Stk particles, transported by turbulent eddies,
can deposit if forced by these eddies towards the airway wall.
Particles with Stk ~ 1, concentrated at the peripheries of
turbulent structures (Zhang and Kleinstreuer, 2002), can
deposit as well. Turbulent dispersion is therefore responsible
for increased deposition efficiency.

Continuous movement from simple airway models and
steady flows to realistic models and lifelike cyclic flow
regimes is seen on present CFD simulations and experimental
studies. Realistic, CT based, lung models were proved to be a
must for valid results of flow and particle transport. Several
works report significant quantitative and qualitative
differences between aerosol transport/deposition
characteristics under steady flows, most frequently studied in
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Figure 1. The airway model with measurement
positions in expanded window (top). A
schematic diagram of the test rig (bottom). (1)
the airway model, (2) a collecting sac, (3)
mixing chamber, (4) condensation monodisperse
aerosol generator, (5) pneumatic cylinder with
piston, (6) computer controlled step motor with
motion screw, (7) P/DPA, and (8) PC.
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Figure 2. Ten overlapped (phase-averaged)
cycles. Inspiratory and expiratory time windows
used for PSD estimations are marked. Sections
with laminar and turbulent character of flow
during the expiratory phase are distinguished.

the past, and lifelike oscillatory flows (Lieber and Zhao, 1998;
Zhang and Kleinstreuer, 2004; Zhang et al., 2001).

Several methods have been applied for flow studies in
airway models. Intrusive Hot Wire Anemometry (HWA) was
used for in vitro air flow measurements in the past while
optical methods prevail today. The most common is Particle
Image Velocimetry (PIV). Laser Doppler Anemometry (LDA)
(Corieri and Riethmiiller, 1989; Lieber and Zhao, 1998;
Tanaka et al., 1999; Corcoran and Chigier, 2000) and P/DPA



(Gemci et al., 2002) are less frequent. Complex design of
realistic models hampers application of optical methods for
aerosol transport studies. PIV, in realistic models, requires
application of a liquid with refraction index equal to the one of
the model walls instead of air, as the real breathed fluid, or
usage of simple models with cylindrical walls if air used. LDA
(or P/DPA), as point-wise technique is more suitable for
measurements in the composite optical system of transparent
model with flowing air. This method moreover allows direct
particle flow measurement with high spatial resolution and
high data rate. Aside basic flow characteristics as mean and
rms velocities also spectral flow properties could be estimated
therefore. Estimation of PSD from Laser-Doppler based data
faces a problem of irregular time sampling. A number of
different techniques was developed to treat this problem; it
was formerly solved using analogue filters of the velocity
signals or by equidistant time re-sampling. Scott (1974)
derived an expectation of the spectrum on the basis of a Slot
Correlation technique (SC) which remains even today one of
the most viable means for PSD estimations. Large group of
estimators is based on the concept of signal reconstruction and
re-sampling at equal time intervals. The most common
reconstruction is zeroth-order interpolation or sample and hold
(S+H) method. Other spectral estimator for LDA data,
introduced by Nobach et al. (1996), was based on one-point
reconstruction techniques employing a refinement which
accounts, in a statistical manner, for the velocity change
between a particle arrival and the sample instant. The most
reliable spectral estimation techniques are explained in detail
by Benedict et al. (2000).

In this work, we have focused on description of the
turbulence in frequency domain for the case of the complex
flow in the multiple bifurcating airways, which is not
sufficiently studied topic so far. We have processed exemplary
P/DPA data acquired during our earlier study® with the aim to
document spectral properties of turbulent particle transport in
human airways. Brief description of our experiment and
measured data is made first. Kern software program (Nobach,
2002) is used for estimation of PSD of particle velocity
fluctuations. Setup of the program has been optimized for our
data and several P/DPA data sets are processed. Arbitrary PSD
plots are shown to describe nature of the particle-air flow.
Differences between steady and cyclic flows at several
positions of the airway model and the influence of the flow
regime and particle size on the PSD are discussed. Several
recommendations for future to improve the PSD estimations
are given.

EXPERIMENTAL APPARATUS
Our experimental device (Fig.1) uses a computer
controlled motor (6) which drives piston through pneumatic

! This study of transport of monodispersed micron-sized liquid
particles dispersed in air was made in realistic transparent human
airway model for a range of steady and cyclic flows and particles of
various sizes. P/DPA was used to acquire time-resolved data of
particle velocity (Jedelsky et al., 2010a).

cylinder (5) as a source of oscillating air flow. Steady air
flows were maintained using a downstream suction source -
vacuum air pump. Three steady breathing regimes (15, 30 and
60 litre/min) and three corresponding cyclic sinusoidal
breathing regimes were used (tidal volume 0.5 litre and
breathing period 4s, 1litre & 4s and 1.5litre & 35s).
Monodispersed aerosol particles of di-2-ethyl hexyl sebacate
(DEHS) ranging from 1 to 8um are generated by
condensation generator (4). One-half of the particles is mixed
with the air in a chamber (3) using static mixer and flows into
the airway model (Fig. 1). The second half flows into a sac
(2), that collects the particle-air mixture for the second
breathing cycle phase. The particle-laden air flow is
incompressible, subsonic, isothermal, and viscous, with high
particle/air density ratio of 760 and the DEHS aerosol is non-
evaporating/non-condensing. 1D P/DPA by Dantec Dynamics
(7) was used for measurement of the particle size and mainly
for time-resolved measurement of the axial velocity
component of the particle motion during breathing cycle in
several cross-sections of the model?.

A ftransparent thin-walled human airway model with
realistic geometry was used for the investigation. The airway
geometry was captured using high resolution CT scan of an
adult Caucasian male. The model, made of transparent silicon
Sylgard 184 (Dow Corning), covers airways from mid-
pharynx to 3"-4"™ generation of bronchi, it preserves realistic
shapes of the airways with complex structures of glottis and
epiglottis and 3-D asymmetric branching as seen in Fig. 1, top.
Mean tube diameters in each generation are documented in
Table 1. Geometry and fabrication of the model is described in
detail by Lizal et al., 2011, flow rate distribution into
particular branches of the tracheobronchial tree for different
steady and cyclic breathing regimes is documented in
(Jedelsky et al., 2009). The model was placed in upstanding
human position and it was fixed in a frame mounted to a
traversing mechanism for positioning during experiments.

Thin model walls are required for optical access into the
model without strong optical distortions when the air flow or
particle transport with air as a carrier medium to be studied.
This approach differs from other fluid dynamics experiments
in complex airway models, where liquids with the refraction
index matched to the one of the model material are used
(Ramuzat and Riethmuller, 2002; Fresconi and Prasad, 2007;
Grof3e et al., 2007; Adler and Briicker, 2007; Theunissen and
Riethmuller, 2008). The realistic transparent airway model is
asymmetric, it has non-circular cross-sections, walls of
varying thickness and varying curvature. Optical measurement
in this model requires very precise setup and approach
different to the one used for measurement with simple optical
path. It is necessary to adjust the laser beam crossing every
time the measurement position changes. An accurate choice of
the measurement position is needed to avoid strong distortion

2 P/DPA was chosen instead of simpler LDA to verify particle
size and also to reduce unwanted sources of noise in PSD estimation
such as reflections and multiple-particle scattering. For more
information on the P/DPA setup and data processing see Jedelsky et
al. (2010a).



of the laser beam even when thin-wall model used.
Measurement in near-wall regions of the model faces stronger
optical distortion and therefore main-stream positions are
preferred to guarantee good results.

RESULTS AND DISCUSSION
Table 1 documents basic flow characteristics in the human
model and shows variation of Reynolds (Re), Stokes (Stk) and

Womersley (o) numbers® with flow rate Q and position in

the airways. The Q values used for steady flows correspond

to rms flow rate values during cyclic flows. The
tracheobronchial tree is numbered according to Weibel (0 =

trachea, L = larynx). Average tube diameter, D , in particular
generation is taken from Schmidt et al. (2004) and represents
the average value over all branch diameters within the
generation. The larynx diameter was defined as a hydraulic
diameter in the location of the smallest cross-sectional area
between mid-pharynx and trachea. Re is proportional to the

mean flow velocity V and it decreases as tube diameter, D ,
drops down. Only several combinations for Stk were
calculated: the smallest particle size & minimal flow rate,
medium particle size & medium flow rate and the largest
particles & maximal flow rate. Maximum Stk about 0.1 was
found in the second generation for 8 um particles and flow
rate 60 I/min; for all other cases usually Stk << 1.

Exemplary results of the two-phase air-particle flow under
cyclic breathing are illustrated in Fig. 2. The measurement
was performed at point C (Bronchus Intermedius, centreline,
see Fig. 1) for flow regime 1 litre & 4 s; 4 um particles were
used. The time-resolved axial velocity of individual aerosol
particles passing through the measurement volume of P/DPA
as well as the axial turbulence intensity are displayed in the
plot. We assume that particles follow the air flow with no
significant slip due to their low Stk and discus this assumption
in chapter Stokes number in detail. Particle velocity data are
thus used for air velocity and turbulence intensity estimation.
It is seen that the particle velocity during the cyclic flow
approximately corresponds to the sinusoidal shape of the
cyclic breathing. The positive velocity values stand for
inspiration, negative stand for expiration.

Extensive documentation of further results of the particle
transport supported with explanation of the effect of various
factors (particle size, steady/cyclic flows, spatial and temporal
nature of the flow) was already made in (Jedelsky et al.,
2010b). The average axial turbulence intensities at point A
(placed in trachea centreline, 20 mm above carina, see Fig. 1)
at steady and cyclic inspiration flows are compared in Table 2
to illustrate typical results of these basic flow characteristics.
Small differences between both the cases and also among
different flow rates and particle sizes were found. Turbulence
intensity covers range 0.07 — 0.11 for all the cases and no

% All the dimensionless numbers are calculated for the average
diameter, D , as characteristic length scale of given tube.

significant correlation between the flow regime and the
turbulence intensity is seen. It is interesting as Re varies
significantly: from 1200 to 4800 (see Table 1). The relatively
high and regime independent turbulence intensity can be
attributed to the complexity of the upstream geometrical
structures of larynx.

Table 1: Dimensionless numbers in individual branching
levels.

n. Q D v dy Stk Re a
(I/min) (mm) (m/s) (um)
15 134 1 3.32E-04 1368 5.0
L 30 154 268 4 9.75E-03 2736 5.0
60 537 8 7.69E-02 5472 5.7
15 105 1 2,30E-04 1211 56
0 30 174 210 4 6,76E-03 2421 5.6
60 421 8 533E-02 4843 65
15 118 1 390E-04 908 3.7
1 30 116 237 4 114E-02 1816 3.7
60 473 8 889E-02 3632 4.3
15 116 1 540E-04 635 2.7
2 30 83 231 4 156E-02 1269 2.7
60 462 8 121E-01 2538 3.1
15 075 1 4,00E-04 361 24
3 30 73 149 4 114E-02 721 24
60 299 8 889E-02 1443 27
15 066 1 4,60E-04 239 1.8
4 30 55 132 4 133E-02 479 1.8
60 263 8 105E-01 958 20

Table 2. Axial turbulence intensity at point A.

. Steady Inspiration
Size (litre/min)
(nm) 3
15 30 60 0.5&4° 1.0&4 1.5&3
1 0104 0085 0071 NaN 0.092 NaN
4 0107 0.110 0.091 0.095 0.097 0.084
8 0109 0.092 0074 NaN 0.095 NaN

Cyclic Inspiration*

The probability density function (PDF) of the particle
velocity was evaluated for steady flow conditions 30 I/min at
point A. The particle velocity samples were classified into

* The turbulence intensity in cyclic inspiration flow is calculated
as an average value during a phase window 0.3 — 0.7 & (see Fig. 2)
averaged for ten consequent cycles.

® Tidal volume (litre) & period of cycle (sec)



bins with size of 0.15 m/s. Velocity counts in each bin were
then divided by the total sample number to give the relative
counts displayed in Fig.3. The velocity distribution
corresponds to log-normal distribution with moderate
inclination of the maximum to higher velocities. This bias is
caused by specific P/DPA sampling rate; where for spatially
uniform particle concentration the data rate is proportional to
actual flow velocity (see Eq. (2) bellow). Different particle
sizes give similar PDF shapes with no significant systematic
differences. As seen above, neither the mean value of
turbulence intensity (Table 2) nor the PDF of the particle
velocity can resolve differences in flow for different flow
regimes and particles of different sizes.

Estimation of PSD of Velocity Fluctuations
Laser-Doppler based techniques provide flow velocity
data with comparatively high temporal resolution so they can
serve for estimation of the moments and spectra of the
turbulent velocity fluctuations. P/DPA is a tracer-based
method with irregular particle arrival times. Presuming an
equal particle distribution in space with constant concentration
and mean data rate of the measurement i, the intervals At
between the nparticles are distributed exponentially:
p(At)=r-e™, as seen in Fig. 11 bellow. The most probable
interparticle arrival time is zero so information about very
high frequency fluctuations is contained in the data.
Nevertheless maximum reliable frequency is f., =n/2z

according to Adrian and Yao (1987). The irregularity of the
sampling time caused by naturally seeded particles in flow
brings difficulties to the estimation of the PSD of the velocity
fluctuations.

We employed SC technique for the estimation of the PSD
as described by Benedict et al. (2000) and calculated the PSD
using Kern software (Nobach, 2002). The software has a
number of options and variables to set with no guideline for
optimum setup. However resulting PSD is very sensitive to the
input parameter values. A large data set was tested to find out
the best setup. Published HWA and LDA data of identical
flow (Nobach, 2006) were compared first. After successful
agreement between these HWA and LDA results we focused
on our P/DPA data. A set of three consequent data records was
chosen to describe the PSD estimation process. The data were
acquired at point A for steady flow regime 30 I/min and 1 um
particles. Each file had 16384 samples and measurement
period ~ 5.8 s (average sampling frequency 2825 Hz).

Fig. 4 shows PSD of the velocity fluctuations versus
frequency, f, using a log-log plot. The average PSD curve
based on the three records together with standard deviation
was calculated. We have ascertained that any unique software
setup does not produce the PSD over the whole frequency
range provided by the measured data. So the spectra is
composed of two curves; the lower frequency part (3.3 —
35 Hz) was calculated using: SC, F = 70, K = 128, Ng = 1000
and standard options (+fil -self +mbv +vw +In +fst +fhat +lte
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Figure 3. PDF of particle velocity.
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+cft)®, the upper frequency part was calculated as: SC, F =
5000, K = 2048, N = 1000 and standard options. Individual
PSD plots (not shown here) are very consistent in the
frequency range 15 — 750 Hz as indicated by the standard
deviation curves. Small fluctuations in the amplitude inside
this frequency range that were observed in each PSD plot
change record to record and therefore are not an inherent
property of the flow. Low frequency fluctuations in the PSD
amplitude (up to ~ 15 Hz) are a product of natural variations
of flow that cannot be fully resolved by the relatively short
data record. They lead to differences in particular records and
are reflected by increased deviation in Fig. 4. The results
differ significantly also for frequencies higher than about 1
kHz due to lack of useful data from P/DPA measurement. The
differences can be partially caused by the processing
algorithm as well. This part of the plot is not realistic and
cannot be used for analysis.

Variable windowing (vw) (Tummers and Passchier, 1996)
used in this calculation leads to smoothening and averaging of
fluctuations in individual spectral lines. Larger fluctuations are
preserved. The amplitude of velocity fluctuations at the
inspected point shows only very mild decreasing tendency
with frequency up to about 30 Hz, then slightly higher and
relatively constant-slope decrease according f2° in range 30 —

® F is the frequency used to define the time lag between samples
in the autocorrelation function (ACF), K is the number of samples in
the ACF, Ng is the number of samples in the spectrum, for better
description see Nobach (2002).



300 Hz and more distinct decrease with constant slope 7 for
frequencies higher than 300 Hz. No distinct peak in the PSD is
obvious. Very similar shape of the PSD was found also at
other measurement points, for other particle sizes and other
flow regimes in the trachea. The first part of the spectra up to
30 Hz can be attributed to the energy-containing range,
followed by inertial subrange. The exponent -2/3 at the first
part of inertial subrange suddenly changes to -7/3. This shape
of inertial subrange differs from the usual Kolmogorov-like
constant value slope -5/3 due to several reasons. Generated
turbulence is anisotropic in large scales due to character of the
flow. Energy containing eddies are continually generated
during flow in the complex airway geometry. The cumulative
TKE was calculated for given data. The amplitude of
oscillations at frequencies higher than 800 Hz was
approximated using the ™ rule. Low frequency oscillations
up to 140 Hz participate on 50 % of the total TKE and 90 % is
covered in range up to 620 Hz.

The calculation made with the same setup as with the
previous results but without vw produced PSD plots
containing strong scatter in the amplitude. No significant
coherence of this “noise” in spectra among individual records
was found. Averaging of the PSD from the three records
(Fig. 5) reduces this scatter so processing of multiple data files
or long measurements is convenient for statistically correct
results. Variable windowing is even stronger instrument for
the data smoothening mainly at high frequencies as indicated
in the plot.

Steady Flows

Several P/DPA data sets were used to find out the
influence of the flow regime and particle size on the PSD of
velocity fluctuations and to describe differences between
inspiration and expiration flows and spatial variations of the
PSD. The data in main-stream positions showing relatively
simple flows without wakes and recirculation zones were
used.

Flow Regimes. PSD plots for three inspiratory flow
rates (15, 30 and 60 I/min, particles with diameter 4 pm) at
point B (placed in trachea 4 mm off the centreline, 20 mm
above carina, see Fig. 1) are compared in Fig. 6a. All three
cases give similar PSD values for low frequencies (up to ~
30 Hz) but higher flow rates produce significantly higher PSD
levels in the upper part of the spectra. The PSD is almost
constant up to 200 Hz for 60 I/min but drops down for
15 I/min and 30 I/min reaching only 20 — 30Hz. The
difference among the different regimes is especially distinct
for frequencies higher than 200 Hz. Velocity fluctuations in
range 30 — 300+ Hz are therefore responsible for rising TKE
with the increase in flow rates. The same behaviour was also
found at other measurement positions for both the inspiratory
and the expiratory flows. Fig. 6b with horizontal axis rescaled
using wave number k = f /V also shows increased PSD levels

at high frequencies for high flow rate which denotes effect of
flow rate on energy of small vortices.

1.E-02

1.E-03 V’\)\M
RtV PN
s

Fo50, N-128

PSD [m?/s)
£

F=5000, N=2048
1.E-05
w—F=5L), N=128, tvW
—wa F=S000, N«2048, 4y
1.E-06 '
3 30 300 3000

frequency [Hz)

Figure 5. PSD with/without vw, average of three
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1.E-02

m
S
o

1LE-04

PSO [mi/fs]

1.E-05

1.E-06
3 30 300 3000
frequency [Mz)

w15l /min  =30l/min —&0/min

1 10 100 1000
wave number [1/m)]

Figure 6. Comparison of different flow regimes.

Particle Size. Steady inspiration flow of particles with 1,
4 and 8 um in diameter was measured at point B at 30 I/min.
No distinct differences in PSDs up to about 500 Hz (the
maximum available correct frequency) are seen in Fig.7,
except the differences at low frequency part of the spectra due
to short record as already mentioned. This result (found also at
other measurement positions and for expiration flow) is
important and confirms that particles up to 8 um in diameter
respond the same way to the vortices at the most energetic
frequencies.

Stokes Number. Behaviour of airborne particles of
different sizes at various breathing conditions can be
explained and discussed by means of Stokes number (Stk). Stk
is a ratio between the particle response time and a
characteristic time of the flow field (Crowe et al., 1998). The
mean Stk (spatially and temporally averaged) in the case of
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Figure 7. PSD for different particle sizes.

flow in air through a tube of diameter D for a particle having
aerodynamic diameter d, and density p;, is

C.dv C.d’Q
Stk:M:i.&.c_PsQ )
18D 187 x4 mD

where y is air dynamic viscosity, m is number of the branches
in given branching generation of the model, Q is the total

mean flow rate, Vv is mean (spatially and temporally) flow
velocity and C, is Cunningham correction factor (Theodore,
2005). Mean particle velocity is supposed to be equal to mean
flow velocity v . Stk of the particles in our model falls within
the range 0.0002 < Stk < 0.12, particular Stk value depends on
the branching level, particle size and flow rate (Table 1).
Turbulent flow contains vortices on many different length
scales. Let consider a vortical structure with characteristic
dimension D,. It will produce fluctuations of the particle
velocity measured by P/DPA probe at frequency f =V/D,

with corresponding Stk, = ppCcdsf/18y (we assume that the

air velocity corresponds to the particle velocity if Stk << 1).
Such defined Stk,, contrary to the one given by Eqg. (1), does
not directly depend on flow regime and position within the
lung model. The size of vortices is 2.1, 4.2 and 8.4 mm’ for
flow-rates of 15, 30 and 60 I/min respectively at f = 500 Hz
(calculation based on data in Table 1) and corresponding Stk,
is 0.002 for d, = 1 pm, 0.028 for 4 pm, and 0.1 for 8 um
respectively. Such reasonably small Stk suggests that the
particles should follow the air flow smoothly at frequencies up
to hundreds Hz as confirmed by our observations (Fig. 7) and
other studies (Choi et al., 2010). For such particles, turbulent
diffusion could therefore significantly contribute to their
deposition.

" Characteristic size of, for example, Dean vortices in bent tubes
(Guan and Martonen, 2000) and vortices produced by mixing of
streams from daughter branches (Fresconi and Prasad, 2007) is ~ 2 of
the tube diameter. These vortices are in mm scale in trachea and main
stem bronchi. Taylor-Gortler-like coherent vortical structures in the
supraglottis and the subglottis (Lin et al., 2007) or large
horseshoe/hairpin-type vortices (Fresconi et al., 2003) are also mm
sized.
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Figure 8. PSD for steady inspiratory and expiratory
flows at point A and for steady inspiratory flow at

point B.
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Figure 9. Average PSD for inspiratory cyclic flow at
point C.

1e03 -\ f

—steady insp
steady exp
1.E-05 ——cyclic insp.
cyclic exp
1.E-06
: 10 100 1000
frequency [Hz)

Figure 10. Steady and cyclic insp. and exp. flows.

Other Factors. There is not enough space to describe
spatially resolved results in this paper so only an illustrative
plot with PSD acquired at two points of the same cross-section
(A and B) for inspiration flow at 30 I/min is shown in Fig. 8.
Point B gives higher intensities of velocity fluctuations in the
whole range and mainly at frequencies higher than 200 Hz,
but shape of the PSD plot is consistent with the other point.
The increased TKE at off-axis position B could be caused by
shear forces (interaction of the fast axial jet with slower near
wall air or by asymmetric character of the jet (see Lin et al.,
2007).



Comparison of inspiratory and expiratory flows at point A
for 30 I/min (Fig. 8) shows much higher amount of TKE
contained at high frequencies for the expiration flow. This
difference can be explained by different way of the turbulence
generation which is due to the laryngeal jet flowing into the
trachea during inspiration and due to mixing of streams from
daughter branches for expiration flow.

Cyclic Flows

Flow during breathing cycle changes from positive
(inspiratory phase) to negative (expiratory phase) and, in the
major section of the upper part of the tracheobronchial tree,
transition from laminar to turbulent flow occurs with
increasing Re (Fig. 2). High-velocity parts of the cycle near
inspiration/expiration peaks are the most important for particle
deposition. The PSD of cyclic velocity fluctuations was
evaluated by applying Kern in a similar way as for the steady
flows above on fragments of the breathing cycle considering
the flow here as quasi-steady. The PSD estimates acquired
such way give only overall information on the average content
of TKE in the spectra in the inspected fragment of time. The
length of the time window is a compromise to fulfil the quasi-
steady flow character and to acquire enough data for a
reasonable PSD estimate®.

Fig. 9 shows such PSD averaged from four records. The
data measured at point C (see Fig. 1) for particle velocity in
time window 0.3 — 0.7 & (peak inspiration, see Fig. 2) were
processed. These data, with mean data rate about 6.7 kHz,
enabled reliable spectra evaluation up to 1 kHz. The short time
window ~ 0.6 sec leads to only 4096 samples in each record
and problematic evaluation for frequencies lower than 30 Hz.
Large scatter in the PSD spectra and large record-to-record
differences were found. The spectrum shows relatively
constant values up to 300 Hz. Slow decrease with frequency
above 300 Hz compared to the steady data is seen. Relatively
high amplitudes of low frequency fluctuations (below 30 Hz)
with local minimum at about 40 Hz are observed here and at
other measurement points/regimes. These fluctuations are
supposed to be related to large-scale vortices that propagate
through the tubes and their influence is recognisable also in
time plots of the droplet velocity (Fig. 2), where these vortices
lead to deformations of the mean velocity from the original
sinusoidal course (more in Jedelsky et al., 2010a). Such
character of flow differs from results found for steady
breathing - these vortices are typical for cyclic flows.

Exhalation phase of the cyclic flow produces more high-
frequency fluctuations than the inspiration flow (Fig. 10) from
the same reason as in the steady flow case (Fig. 8).

Corresponding steady and cyclic flows 15 I/min and 0.5 |
& 4 sec respectively with 4 um particles were compared at
point A (Fig. 10). Cyclic flows contain more high-frequency

8 A sort of short-time Fourier transform or Hilbert transform
working with non-equidistant sampling would be useful to estimate
PSD of velocity fluctuations for individual breathing phases but these
are not at disposal yet.

velocity fluctuations than the steady flows for both flow
directions. PSDs differ from frequencies about 50 Hz and
about half-order difference appears at 100 Hz already.

Data Rate of LDA Measurements

The PSD of velocity fluctuations contains interesting
information on flow turbulence, which spans over several
frequency orders, however quality of the results and upper
limit of the frequency range f,, =n/2z depends on LDA

max —
data rate.

Our CMAG generator produces aerosol with mean
concentration € in range 10* — 10° particles/cm®. After
diluting of the aerosol in the mixing system a homogeneous
air-particle mixture is delivered into the airway model with
€ ~ 10% — 10° particles/cm®. This dilute aerosol (mean free
path in order of hundreds particle diameters) gives a typical
data rate of P/DPA measurement in order of kHz. Mean data
rate

n=v-c-S-K @)

where S is area of the measurement volume (mv) projected in
the flow direction, V is mean particle velocity and yield K
depends on visibility of droplets by P/DPA and its validation
rate. Laser-Doppler based techniques are capable to measure
only one particle at given time; if the system detects a particle,
then other particles appearing in the mv at the same time or
flowing in before the first one exits the mv will be rejected
from evaluation. The theoretical maximum measurement
frequency would be (assuming equidistant sampling for
simplification):

.. =1YAT =v/a=v-cosd/D, ©)
where size a of the mv along the flow direction depends on the
angle between incident laser beams 6 and on their diameter,
D,. AT is particle residence time in the mv. Eq. (3) is valid for
particle diameter d, << D,. The mv is defined by the
intersection of two Gaussian laser beams. This volume in the
shape of an ellipsoid is seen by receiving optics through a slit
of width s which reduces its length. Resulting mv has roughly
the shape of an oblique cylinder with lengths of main half-
axes a/2 and Dy/(2cos 6) and height s. The increase in slit size
enlarges the projection area of mv into the flow direction,
which is approximately S=s-d/cose where ¢ is scattering

angle and thereby increases data rate according to Eg. (2). It
however also reduces spatial resolution of the measurement.
Variation in the laser beam diameter D, influences S and
therefore changes number of detected particles with
interparticle arrival time gaps that are larger than AT. Change

in size a would reduce n;msx (Eq. (3)). For instance doubling

D, will also double up detected particle number p(4t) and
simultaneously will twice reduce corresponding interparticle
arrival time At as seen at Fig. 11. A simulation made for our
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Figure 11. Frequency plot of arrival time between two
particles for 1 pum particles and flow rate 30 I/min at
point A.

setup (Dyp = 0.27mm, s = 0.3mm, k = 0.9, 0 =114°, ¢ =

50°, ¢ = 10°cm?®, V = 3mfs, which leads to i = 3.4 kHz
according Eq. (2)) has shown optimum D, = 1.3 D,y with
increase in data rate by about 10 %.

Particle concentration is limited by the particle source
used and by desired character of the flow. Higher
concentration is generally better, but the two-phase mixture
would change from dilute to dense with increase in the
concentration which could affect the particle flow. The yield K
is given by the measurement system setup and its technical
condition. Also monodispersity of the seeding particles could
have an effect. The detector sensitivity of a system measuring
polydisperse aerosol must be set to a value at which large
particles will not saturate the detector yet and, in such case,
small particles might not meet detection limit.

CONCLUSIONS

Extensive data on particle flow in time domain are
contained in P/DPA results acquired in steady and cyclic
flows in realistic airway model. The possibility of estimation
of the velocity fluctuation PSD from these data was presented.
Kern software was used to calculate the PSDs and optimised
for our data. Similar fundamental character of TKE spectra
was found for all processed data with systematic quantitative
differences for (1) inspiration and expiration flows, (2)
different positions in the airway tubes and (3) different flow
regimes.

The amplitude of velocity fluctuations in PSD
representation is relatively constant up to certain frequency (~
30 — 50 Hz depending on the flow regime), followed by
moderately decreasing trend (up to ~ 300 Hz for steady and ~
500 Hz for cyclic flows) and more rapid drop afterwards. The
PSD curves are generally smooth with no distinct peaks
identified in any analysed main-stream data file.

The PSD in the inspected frequency range (~ 2 — 700 Hz)
is practically independent of the particle size within 1 — 8 pm
in whole range of flow regimes under consideration. This
important finding, explained by low Stk values for observed
cases, implies that micron sized aerosol particles closely
follow the air flow. Particle P/DPA data can therefore be used

for estimation of time-resolved local air velocity and for
description of air flow structures in the airways. Further
conclusion is that for these low Stk particles turbulent
diffusion could significantly contribute to their deposition on
the airway walls.

Successfulness of PSD estimation depends on available
data. Present P/DPA results with mean data rate 0.5 — 10 kHz
(depending on position, particle size and flow conditions)
allow for maximum usable frequency 0.5 — 1.6 kHz. The most
energetic fluctuations (energy-containing range + inertial
subrange of the spectra) are included within such spectra but
information on high-frequency fluctuations (dissipation range)
can be hardly resolved. High concentration aerosol, larger
measurement volume and optimum and precise LDA setup are
crucial for an increase of the frequency range of PSD
estimations. Improved results for velocity fluctuations could
be used for validation of LES and DNS predictions where
more effective turbulence models are to be developed
(Longest and Holbrook, 2011).
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