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Abstract—High-frequency oscillatory ventilation (HFOV) is
considered an efficient and safe respiratory technique to
ventilate neonates and patients with acute respiratory distress
syndrome. HFOV has very different characteristics from
normal breathing physiology, with a much smaller tidal
volume and a higher breathing frequency. In this study, the
high-frequency oscillatory flow is studied using a computa-
tional fluid dynamics analysis in three different geometrical
models with increasing complexity: a straight tube, a single-
bifurcation tube model, and a computed tomography (CT)-
based human airway model of up to seven generations. We
aim to understand the counter-flow phenomenon at flow
reversal and its role in convective mixing in these models
using sinusoidal waveforms of different frequencies and
Reynolds (Re) numbers. Mixing is quantified by the stretch
rate analysis. In the straight-tube model, coaxial counter flow
with opposing fluid streams is formed around flow reversal,
agreeing with an analytical Womersley solution. However,
counter flow yields no net convective mixing at end cycle. In
the single-bifurcation model, counter flow at high Re is
intervened with secondary vortices in the parent (child)
branch at end expiration (inspiration), resulting in an
irreversible mixing process. For the CT-based airway model
three cases are considered, consisting of the normal breathing
case, the high-frequency-normal-Re (HFNR) case, and the
HFOV case. The counter-flow structure is more evident in
the HFNR case than the HFOV case. The instantaneous and
time-averaged stretch rates at the end of two breathing cycles
and in the vicinity of flow reversal are computed. It is found
that counter flow contributes about 20% to mixing in
HFOV.

Keywords—High-frequency oscillatory ventilation, CT-based

human airway, CFD, Secondary flow, Stretch rate, Mixing.

INTRODUCTION

Ventilatory support via invasive mechanical venti-
lation is often necessary for patients in an intensive
care unit. Conventionally, the tidal volume of normal
mechanical ventilation is approximately 75–150% of
the patient’s natural respiration volume26 based on the
prediction that gas exchange volume has to exceed the
anatomical dead space (the volume of conducting air-
ways) of the lung to achieve adequate alveolar venti-
lation. However, this large tidal volume can cause
volutrauma (over-stretch of lung tissue) and other
ventilator-induced lung injuries including oxygen tox-
icity (the effect of over-rich levels of oxygen on lung
tissue), and hemodynamic compromises.7,37 To avoid
lung injuries due to volutrauma, high-frequency ven-
tilation (HFV) with smaller tidal volume has been used
on patients with acute lung injury, acute respiratory
distress syndrome, and neonates. HFV is a fast and
shallow ventilation mode which is postulated to mini-
mize the lung injuries associated with cyclic opening
and closing of alveolar units in conventional ventila-
tion mode.15 HFV includes high-frequency positive
pressure ventilation, high-frequency jet ventilation,
and high-frequency oscillatory ventilation (HFOV).

Lunkenheimer et al.21 proposed the use of oscillat-
ing pumps for HFOV. This reciprocating process
produces both active inspiration and expiration pro-
cesses, eliminating gas entrainment and decompression
of gas jets in the conducting airways. With active
expiration, the lung volume can be controlled to avoid
over-extension of the lung tissue, reducing the risks of
lung injuries. HFOV has been used extensively both on
neonates25 and adults.2,6,27,28 HFV has attracted much
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research interest; a comprehensive review of this area
of study can be found in Chang.3 Fluid dynamics
studies include Tanaka et al.,34 who used laser Doppler
anemometer (LDA) to examine the secondary flow
intensities and its influence on gas mixing in HFOV in
a 3-generation Horsfield13 model. Lieber and Zhao17

also applied LDA to interrogate oscillatory flow in a
symmetric single-bifurcation tube model, and found
that the flow exhibits quasi-steady behaviors for only
about 50% of the oscillatory cycle. Zhang and
Kleinstreuer44 used a finite-volume code (CFX4.3) to
study oscillatory flow in a symmetric triple-bifurcation
tube model representing generations 3 to 6 of the
human airways under normal breathing and HFV.
They found that the oscillatory inspiratory flow is
quite different from the equivalent steady-state case
even at peak flow. Adler and Brücker1 studied high-
frequency oscillatory flow using particle image veloci-
metry (PIV) in a 6-generation airway model, and
observed mass exchange between child branches at end
inspiration or expiration known as Pendelluft. Nagels
and Cater29 used large-eddy simulation (LES) (CFX
11.0) to study high-frequency oscillatory flow in a
2-generation asymmetric tube model. They observed
reverse flow near the walls when the driving velocity is
small. Heraty et al.11 carried out PIV experiments to
measure velocity fields and secondary flows in both
idealized and realistic single airway bifurcations under
HFOV conditions. They observed the coaxial counter-
flow feature, which the flow in the core region of the
airway lumen lags behind the flow in the near-wall
peripheral region at flow reversal during change of the
respiratory phase. They reported that the counter-flow
feature persisted for a significant time period. The
coaxial counter flow at flow reversal is characteristic of
the Womersley solution noted in the classic high-
frequency oscillatory straight pipe flow.40 This flow
feature, however, is neither evident nor reported in
Tanaka et al.34 It suggests that airway geometry
(morphological structure) may also play a role in
determining flow characteristics (in association with
lung function, e.g., gas transport and mixing for ven-
tilation) under HFOV conditions.

This leads to the current work which aims to pro-
vide insight into the structure–function (geometry-
flow) relationship of the human lung under different
flow conditions using computational fluid dynam-
ics (CFD); in particular, to understand the coaxial
counter-flow feature in HFOV and quantify the effi-
ciency of convective mixing under different flow con-
ditions. From a kinematical point of view, fluid mixing
involves stretching and folding of material lines, and is
determined by the fluid velocity field.23,30–32 Mixing of
this viewpoint is referred to as convective5,12 or kine-
matic10 mixing. We consider three geometries with

increasing complexity: a straight tube, a symmetric
single-bifurcation tube system, and a computed
tomography (CT)-based airway model including the
upper airways and the intra-thoracic airways of up to
seven generations. For the complete airway model,
three flow conditions are considered to examine the
effects of unsteadiness (oscillation) and convection
(inertia). Mixing efficiencies are quantified by the
stretch rate analysis.23,30–32 The rest of this article is
laid out as follows. The mathematical formulations for
the CFD analysis and the stretch rate analysis are
described in the ‘‘Methods’’ section. In the ‘‘Results’’
section, oscillatory flows in a straight tube and a single
bifurcation are first presented to demonstrate the fea-
tures of coaxial counter flow and secondary flows. The
stretch rates are used to quantify convective mixing in
both cases. We then compare the characteristics of
flows under three flow conditions in the complete air-
way model and quantify their stretch rates at the end of
cycles and in the vicinity of flow reversal. In the
‘‘Discussion’’ section, the counter-flow features and
mixing efficiencies are discussed in conjunction with
existing literatures. Concluding remarks are drawn in
the last section.

METHODS

Fluid Solver

The airflow is simulated using LES which solves the
filtered continuity and momentum equations (1) and
(2) for incompressible flow.
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where ui is the velocity component in the i direction, p
is the pressure, q is the fluid density, m (= l/q, l is the
dynamic viscosity) is the kinematic viscosity, and mT is
the subgrid-scale (SGS) eddy viscosity. The air prop-
erties of q = 1.2 kg/m3 and m = 1.7 9 1025 m2/s are
adopted. Hereafter (x1, x2, x3) and (x, y, z) are inter-
changeable, so are (u1, u2, u3) and (u, v, w).

The fractional four-step method is applied to solve
Eqs. (1) and (2). The continuity equation is enforced by
solving a pressure-Poisson equation. The implicit
characteristic-Galerkin approximation together with
the fractional four-step algorithm is employed to dis-
cretize the governing equations, being of second-order
accuracy in time and space.18 The SGS model of
Vreman39 is adopted for calculation of the eddy viscosity
mT to capture both turbulent and transitional flows. The
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solver has been validated for flows under various con-
ditions.4,16,19,41 A validation case against LDV mea-
surements will be presented later.

CT Image-Based Central Airway Model
and 1D Centerline Model

The three-dimensional (3D) human airway model
shown in Fig. 1a was reconstructed from CT images
for realistic representation of the human upper airway
and tracheobronchial tree. The model is composed of
upper airways and up to seven generations of intra-
thoracic airways.4,19,20 The trachea is counted as gen-
eration 0. There are a total of 70 small peripheral
bronchi in this airway geometry. The distributions of
the child-branch angle (the angle between two child
branches) and the ratio of child-branch diameter over

parent-branch diameter are displayed in Figs. 1b and
1c by generation. The major (minor) diameter is that of
the child branch having the larger (smaller) diameter.
The average child-branch angle is 85� and the average
over generations 3–5 is 67�, which is in good agreement
with Horsfield et al.13 The average diameter ratio
(including both major and minor diameters) is 0.75,
agreeing well with Majumdar et al.24 Beyond these
CT-resolved airways, the conducting airway tree is
supplemented with a physiologically consistent 1D
centerline airway model. The 1D centerline model is
generated by the volume filling method.35,36 The
resulting 1D model has 25 generations and is specific to
the geometry of the subject’s lung. The changes in
lobar volumes are determined by two sets of CT
images measured at two lung volumes. The volume
changes are then used to determine lobar ventilations

FIGURE 1. (a) Front view of the CT-based airways (LMB, left main bronchus; RMB, right main bronchus). Solid, dot-dashed, and
dashed boxes indicate the locations of selected bifurcations among G0-1, G2-3, and G3-4 (see Figs. 8–11), respectively. A and B
denote particle-released locations in HFOV and HFNR, respectively, for stretch rate analysis. C denotes the cross section where the
CFD solutions computed on different mesh sizes are compared. (b) The distribution of the angle between child branches (degree)
by generation. (c) The distribution of the ratio of the major (minor) child-branch diameter dmaj (dmin) over the parent-branch
diameter D, dmaj/D (dmin/D), by generation. ‘‘Mean’’ and ‘‘SD’’ are the mean and the standard deviation of the child-branch angles or
the diameter ratios from individual bifurcations by generation.
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and the flow rates at the 1D terminal bronchioles. The
flow rates at the 3D peripheral airways are obtained by
the connectivity of the 1D tree and mass conserva-
tion.20,42,43 Variants of 3D–1D and 3D-impedance
coupled approaches have previously been applied to
air flow in the human respiratory system22 and blood
flow in the human arterial system.8,9,38

Breathing Conditions for the CT-Based Airway Model

A sinusoidal flow waveform with a parabolic
velocity profile is imposed at the mouth-piece inlet of
the CT-based airway model as the breathing wave-
form. For the HFOV case, the simulation is performed
with a tidal volume (VT) of 47 mL and a breathing
frequency of 377 bpm ( f = 6.28 Hz), which fall in the
typical range of HFOV. For comparison purpose, two
other cases using the same model are computed. One
case represents a normal breathing case (denoted by
NORM) with VT = 500 mL and a breathing frequency
of 12.5 bpm ( f = 0.2 Hz), whereas the second case is a
clinically impractical case with VT = 16.58 mL and
f = 6.28 Hz, which yields the same oscillatory fre-
quency as HFOV and the same peak Reynolds number
(Re) as NORM, thus being denoted as a high-
frequency-normal-Re case (HFNR). It is noted that
HFNR and NORM have the same minute ventilation.
The three cases allow examination of the respective
effects of unsteadiness and convection. The flow
parameters for these cases are summarized in Table 1.
Time step sizes of t = 2.0 9 1025, 1.0 9 1025, and
5.0 9 1026 s are used for NORM, HFNR, and
HFOV, respectively, to satisfy the Courant–
Friedrichs–Lewy condition.

The CFD mesh for the CT-based airway model
consists of 899,465 points and 4,644,447 tetrahedral
elements. We tested a series of consecutively finer
meshes of I—1,305,429 elements, II—2,573,085, and
III—4,644,447 tetrahedral elements. The kinetic ener-
gies based on the radial velocity component of the
secondary flow at station C in Fig. 1a in the trachea
are compared for these meshes at peak inspiration. The
differences of secondary flow energies between
meshes I and II is 8.3% and it is 2.4% between meshes
II and III, indicating the results are mesh-insensitive.
The mesh III is chosen for study.

Stretch Rate Analysis

The stretch rate30 was adopted by Roberts,31

Roberts and Mackley,32 and Mackley and Neves
Saraiva23 to quantify the extent of convective mixing,
which is the non-diffusive component of the mixing
mechanism. A higher stretch rate indicates higher
mixing efficiency. Massless particles accompanied by
three line elements, which are initially oriented in the
respective x, y, and z directions (1,0,0)T, (0,1,0)T, and
(0,0,1)T, are tracked in a Lagrangian framework. For
each particle, the three corresponding line elements are
deformed and stretched kinematically by local velocity
gradients as described below.

Dmi

Dt
¼ mj

@ui
@xj
�mi mjSjkmk

� �
ð3Þ

sIðtÞ ¼
Dðln kÞ
Dt

¼ mjSjkmk ð4Þ

sTðtÞ ¼
1

t

Z t

0

D ln k
Ds

� �
ds ð5Þ

where mi is the orientation vector of a line element and
mimi = 1, ui is the velocity component i, Sij = (¶ui/
¶xj + ¶uj/¶xi)/2 is the symmetric stretching tensor, k is
the specific rate of stretching, and sI is the instanta-
neous stretch rate, also known as the stretching func-
tion. The time-averaged stretch rate sT is calculated
from the instantaneous stretch rate as above. Both
instantaneous and time-averaged stretch rates have a
dimension of s21. The stretch rates sI and sT computed
by Eqs. (4) and (5) are for one particle released at a
specific location. The stretch rate presented later is the
ensemble average based on a number of particles being
released at different locations unless otherwise noted.
If an oscillatory flow behaves in a kinematically
reversible fashion, the time-averaged stretch rate at end
cycle is zero.

Flow Regimes

To study the characteristics of oscillatory secondary
flow in a tubal branching network, it is important to
know about the expected flow features in terms of key

TABLE 1. Flow parameters for the three CT-based airway cases.

Case Period T (s) Frequency f (Hz) Peak Re Tidal volume VT (mL) Description

NORM 4.8 0.20 1288 500 Normal breathing

HFNR 0.16 6.28 1288 16.58 Same frequency as HFOV

and same peak Re as NORM

HFOV 0.16 6.28 3656 47 HFOV
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dimensionless parameters. Jan et al.14 categorized the
oscillatory flow in a model bifurcation into three
regimes according to two dimensionless parameters.
One parameter is the dimensionless frequency a2,
where a ¼ a

ffiffiffiffiffiffiffiffi
x=m

p
is the Womersley parameter.

x = 2p/T = 2pf (T, period in seconds; f, frequency in
Hz) is the angular frequency and a is the average radius
of an airway segment (or a tube). The other parameter
is the local dimensionless stroke length L/a, where
L = vt/A (vt is the local tidal volume, and A = pa2 is
the average cross-sectional area of an airway segment).
The Reynolds number is given by Re = a2(L/a) if the
breathing waveform is a sinusoidal function.

Figure 2 shows the demarcation of three flow
regimes: I—unsteady flow; II—viscous flow, and
III—convective flow, defined by Jan et al.,14 according
to the values of a2 and L/a. The convective regime III is
further subdivided into IIIa and IIIb based on the
extent of unsteadiness of the flow. Because Re = a2(L/
a), the constant Re on a logarithmic scale corresponds
to a line with a negative slope. For example, the bold
solid line for Re = 30 separates the viscous and con-
vective regimes, whereas the line for 1500 separates the
convective and turbulent regimes. The two dashed lines
mark Re = 100 and 740. In the unsteady regime the
flow is characterized by the Womersley solution,
whereas in the viscous regime it behaves like Poiseuille
flow. Both Womersley and Poiseuille solutions are
linear solutions, in which the effects of convective
inertia are negligible, in contrast to the convective
regime. The flow parameters for each of the airway
segments in the 3D CT-based airway model are
marked in the figure for the cases of NORM (squares),
HFOV (circles), and HFNR (triangles). For NORM,
the dimensionless frequency a2 falls in the range
between 0.12 and 7, and the stroke length L/a ranges
from 133 to 1353. For HFOV, a2 is between 3.6 and
210, and L/a is between 12 and 127. Since HFNR has
the same frequency as HFOV and the same peak Re as
NORM, HFNR has the same range of a2 as HFOV
but is bounded by Re = 1500 as NORM. The maxi-
mum Re at the trachea for NORM is 1288, and it is
3656 for HFOV. All of the segmental Re for NORM
and HFNR are below 1500, whereas six segments for
HFOV exceed 1500.

Also exhibited in Fig. 2 are the conditions com-
puted with the 1D centerline model using the param-
eters averaged by generation for the three cases (open
symbols). Each open symbol represents the average
flow condition for each generation of the entire airway
tree beginning from the trachea to terminal bronchi-
oles (distributing from right to left in the figure). For
HFOV, the distribution curve is shifted downwards to
the right and the effects of convection penetrate deeper
into the lungs (note that the curve intersects Re = 30 at

the seventh generation in both NORM and HFNR,
but at the ninth generation in HFOV). Overall, the
characteristics of HFOV are more turbulent in the
central airways and more convective in the smaller
airways. For HFNR, due to its smallest L/a and high
a2, the flow in the range of a2 > 10 (denoted by ‘‘IIIb-
CONVECTIVE’’ in Fig. 2) may behave more similar
to the Womersley solution.

To investigate the effects of unsteadiness (oscilla-
tion) vs. convection (inertia), the flow parameters at
point A (Re = 100, a = 7.0) in Fig. 2 in the unsteady
regime I and point B (Re = 740, a = 7.0) in the con-
vective regime IIIb (more unsteadiness) are chosen for
simulations of the flow in a straight tube and the flow
in a symmetric bifurcating tube. The bifurcating tube
model of Zhao and Lieber45 and Lieber and Zhao17

shown in Fig. 3a is adopted for two purposes. One
purpose is for model validation by comparing with the
data measured with LDA for oscillatory flow in the
bifurcating tube model.17 Their flow condition has a
peak Re = 2077 and a = 4.3, corresponding to point C
in Fig. 2. The second purpose is to investigate the
differences between flow structures in regimes I and
IIIb, and the deviation of the flow behavior from the
Womersley solution. Use of a symmetric bifurcating
tube facilitates comparison with the straight tube case.
The effects of airway geometry and turbulence (which
can only be captured in the CT-based airway model)
will be examined by comparing the flow structures at
bifurcations between generations 2 and 3 (G2-3) and 3
and 4 (G3-4) at three breathing conditions of NORM,
HFOV, and HFNR. The local flow parameters at the

FIGURE 2. Flow regimes of the conducting airway catego-
rized based on a dimensionless frequency a2 (a is Womersley
number) and a dimensionless stroke length L/a. The
(I) unsteady, (II) viscous, (IIIa, IIIb) convective flow regimes are
classified according to Jan et al.14
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parent branches of the G2-3 and G3-4 bifurcations are
marked by the color-coded boxed 2 and 3 in Fig. 2,
respectively.

RESULTS

Model Validation

The dimension of the symmetric bifurcating tube
model is illustrated in Fig. 3a. The formula used to

generate the model and stations 2, 4, 10, and 15 are
given in Zhao and Lieber.45 An enlarged view of the
model is shown in Fig. 3b, where station S12.5 is
located midway between stations S10 and S15. The
child-branch angle of 70� falls within the range of those
at generations 3 and 4 (see Fig. 1b). The diameter ratio
between child and parent branches is 1=

ffiffiffi
2
p
� 0:7;

which also agrees with the current CT data (Fig. 1c). A
sinusoidal flow waveform with the Womersley velocity
profile is imposed at the boundary face of the

(a) 

 

(b)

(c) (d)

(e) (f)

FIGURE 3. Comparison of velocity profiles in a single bifurcation with PIV measurements of Lieber and Zhao.17 Flow parameters
correspond to point C in Fig. 2. Solid lines, current data; square symbols, PIV data. Bifurcation plane, co-planar with the cen-
terlines of the branches; transverse plane, perpendicular to the bifurcation plane and one of the centerlines. (a) Geometry of the
bifurcation model. (b) Closeup view of the model in the box in (a). (c) 0.2T (inspiration), bifurcation plane. (d) 0.2T (inspiration),
transverse plane. (e) 0.7T (expiration), bifurcation plane. (f) 0.7T (expiration), transverse plane.
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parent branch. The mesh consists of 141,403 nodal
points and 747,344 tetrahedral elements. The fluid
properties and flow conditions used by Lieber and
Zhao17 are adopted. The instantaneous velocity pro-
files (solid lines) at stations S2, S10, and S15 at
t/T = 0.2 (inspiration) and 0.7 (expiration) in the
bifurcation and transverse planes are plotted against
the measurement data (solid squares) of Lieber and
Zhao.17 The bifurcation plane is co-planar with the
centerlines of the three branches, whereas the trans-
verse plane for each of the three branches is perpen-
dicular to the bifurcation plane and co-planar with the
centerline of an individual branch. Overall, they are in
good agreement. It is noted that the CFD solution is
more symmetric with respective to r/R = 0 than the
measurement data. For instance, in the range of
r/R< 0 in Fig. 3f, the current data over-predict (under-
predict) the experimental data at S2 (S15), but they
agree with the CFD data of Zhang and Kleinstreuer.44

Womersley Solution and Flow in a Straight Tube

The straight tube used in the simulation is a 3D tube
with radius a = 4.6 mm and length of 10a. The mesh
for the tube consists of 82,144 nodal points and
453,586 tetrahedral elements. Considering a single
harmonic case in a straight tube of radius a, we impose
the Womersley axial velocity (ua) profile

40 at the inlet.

uaðr; tÞ ¼
Ao

q
1

ix
1�

Jo ari3=2
� �

Jo ai3=2ð Þ

( )

eixt ð6Þ

where Ao is the amplitude of pulsation, x (the angular
frequency) and a (the Womersley parameter) are pre-
viously defined, r is the normalized radial position
(with r = 0 at the centerline of the tube, and r = ±1 at
the wall), i is the imaginary unit, and Jk is the kth order
complex Bessel function of the first kind. With a given
Re (or the maximum Re for a pulsatile flow), the mean
velocity U is calculated using Re ¼ Uð2aÞ

m ; where U is the
sectional average velocity at peak inspiration. Then the
maximum flow rate Qmax is computed by Qmax =

Upa2, and Ao can be determined from

Q ¼ pa2

q
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Because the axial velocity ua in Eq. (6) and the flow
rate Q in Eq. (7) are complex numbers, the real parts
of Eqs. (6) and (7) are taken in the calculation. The
time in Eqs. (6) and (7) is offset to keep Q in phase
with the imposed sinusoidal flow waveform so that
Q = 0 at t/T = 0, 0.5, and 1.

Figure 4 presents the results of the flow in a straight
tube with the flow parameters of Re = 100 and a = 7,

at point A marked in Fig. 2. The Womersley velocity
profiles yielded from Eq. (6) at selected time points
during a sinusoidal cycle are displayed in Fig. 4a. It is
noted that the Womersley profiles do not vary along
the axial direction of a straight pipe. The flow rates at
t/T = 0, 0.5, and 1 are zero. The inspiratory and
expiratory phases occur during 0 £ t/T £ 0.5 and
0.5 £ t/T £ 1, respectively. Coaxial counter flow
(co-existence of positive and negative axial velocities
due to phase lag between core and peripheral flows) is
observed in the vicinity of t/T = 0, 0.5, and 1 when
flow reversal takes place at end inspiration and end
expiration. It is worth noting that the velocity profile is
not symmetric in time with respect to t/T = 0.5 and 1.
For example, the profile at t/T = 0.375 differs from
that at t/T = 0.625 although they have the same time
distances from t/T = 0.5. This is because the flow
changes phase faster in the peripheral region than the
core region. Nevertheless, the profiles at t/T are the
mirror images of those at t/T + 0.5 (same shape but
opposite sign), cf. those at dimensionless times of 0.125
and 0.625. As a result, a Lagrangian particle released
in any location of the tube experiences zero net dis-
placement at the end of a cycle. The profiles at peak
inspiration (t/T = 0.25) and expiration (t/T = 0.75)
are blunt. An increase in frequency makes the velocity
profile blunter and the peripheral counter flow narrower
as displayed in Fig. 4b, but the period-normalized time
duration when counter flow exists remains essentially
unchanged. The Womersley velocity profiles with the
flow parameters at A are imposed as the flow boundary
condition at the left-hand side boundary face of the
straight tube. A pressure boundary condition is imposed
at its right-hand side boundary face. The simulated
velocity profiles at various stations along the tube
remain the same as the Womersley solution imposed
at the boundary face, and are plotted against the
Womersley solution at various times in Fig. 4c. The
agreement between them is good, confirming that
the flow condition at point A in a straight tube yields the
Womersley solution.

With the imposition of the flow condition at point B
which has the same frequency as A, but a higher Re
than A, the CFD-simulated velocity profiles at various
times during a cycle (data not shown) exhibit the same
shapes as those of Fig. 4c, but have different magni-
tudes. This is in agreement with the Womersley solu-
tion equation (6) that the shape of velocity profile
depends on frequency (cf. Figs. 4a and 4b), with a
given frequency an increase in velocity amplitude
increases Re. Thus, in spite of an increase in Re for
point B which places it in the convective IIIb regime,
the straight and axisymmetric features of the tube
constrain the flow motion only in the axial direction.
As a result, the convective terms in the Navier–Stokes
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equations are zero, yielding the linear Womersley
solution.

Flow in a Bifurcating Tube Model

The radius of the parent branch in the single-
bifurcation tube model is rescaled to that of the
straight tube in order to use the same flow parameters
as in the straight-tube case. The Womersley profile is
imposed at the parent-branch boundary face of the
model (Fig. 3a) to examine the effects of bifurcation
on flow structures. Unlike the straight-tube case, the
curvature at the bifurcation may induce secondary
flow motions in the radial direction due to inertia. The
flow conditions at points A (a = 7, Re = 100) and B
(a = 7, Re = 740) in Fig. 2 are examined. For the case
of Re = 100 (Re = 740), Fig. 5 (Fig. 6) shows the
color-coded velocity vectors in the bifurcation plane
at flow reversal during end expiration and early

inspiration in Figs. 5a–5d (Figs. 6a–6d) and during
end inspiration and early expiration in Figs. 5e–5h
(Figs. 6e–6h). The red (blue) color denotes positive
(negative) axial velocity, flowing to the right (left) side.
Coaxial counter flow exists over a longer time period
before flow reversal than after reversal. This is why
counter flow is observed at t/T = 0.94 and 0.44, but
not at t/T = 1.06 and 0.56. This is true for both Re
cases (see Figs. 5 and 6). At Re = 100 (Fig. 5), in spite
of the presence of the bifurcation, the counter-flow
feature is evident and not distinguishably perturbed in
both parent and child branches, resembling the
imposed Womersley profile. However, at Re = 740,
Fig. 6 shows significant deviation from the Womersley
profile, especially near the bifurcation. At end expira-
tion in Figs. 6a and 6b, the flow coming off the child
branches has relatively high inertia and appears to
detach from the wall of the parent branch at the
bifurcation due to bifurcation curvature. A similar
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and a 5 7.
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effect is observed at end inspiration, but the major
deviation is found in the child branch due to change of
the axial flow direction. These deviations are amplified
after flow reversal at t/T = 1.03 on inspiration and
t/T = 0.53 on expiration. The counter-flow feature
appears to be absent in some regions of the parent
branch at t/T = 1.03 (red only) and the child branches
at t/T = 0.53 (blue only).

To better understand the flow characteristics, Fig. 7
shows the enlarged view of the flow near the bifurca-
tion in the bifurcation plane and the cross-sectional
velocity vectors at stations S4 and S12.5, whose loca-
tion and numbering scheme are based on the formula
of Zhao and Lieber.45 Figures 7a and 7b (Figs. 7e and
7f) are at end expiration t/T = 0.97 and early inspi-
ration t/T = 1.03, respectively, for Re = 100 (740).
And Figs. 7c and 7d (Figs. 7g and 7h) correspond to
end inspiration t/T = 0.47 and early expiration

t/T = 0.53, respectively, for Re = 100 (740). The
velocity magnitude is much smaller at Re = 100 than
at Re = 740, and the secondary flow velocity is weaker
than the axial velocity. Therefore, the velocity vector
length in the bifurcation plane at Re = 100 is magni-
fied by 7.4 times than that of Re = 740, and the vector
length at S4 and S12.5 is amplified by four times than
those in the bifurcation plane for clarity. Counter-
rotating vortices are observed at S4 and S12.5 although
they are very weak at Re = 100. These secondary flow
structures are Dean vortices found in a curved pipe
flow.33 In the bifurcation plane of the Re = 100 case,
the flow at t/T = 0.97 (1.03) is almost the reverse
(opposite sign) of that at t/T = 0.47 (0.53). This is
because the Womersley profiles at t/T are the mirror
images (same magnitude, but of opposite sign) of those
at t/T + 0.5 as shown in Fig. 4a. However, this is not
true for the flow feature in the radial direction.

FIGURE 5. A sequence of velocity distributions in the bifurcation plane with Re 5 100, L/a 5 2, a 5 7 (point A in Fig. 2). Blue,
negative axial velocity to the left. Red, positive axial velocity to the right.
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For example, at S12.5 despite the change of phase in
the axial flow, the counter-rotating vortices at
t/T = 0.97 and 0.47 (1.03 and 0.53) rotate in the same
directions. This is because the rotational direction of
the vortices is dependent on the curvature of the tube,
rather than the direction of the axial flow. With
increasing Re to 740, the secondary flow vortices are
intensified. At end expiration at t/T = 0.97 (Fig. 7e),
two pairs of counter-rotating vortices at S4 in the
parent branch appear to wash away the counter flow
(red) in the peripheral region toward the bifurcation
plane. Likewise, a pair of counter-rotating vortices at
S12.5 in the child branch at end inspiration t/T = 0.47
(Fig. 7g) appear to wash away the counter flow (blue)
in the peripheral region toward the upper side of the
branch. After flow reversal at t/T = 1.03 (Fig. 7f) and
0.53 (Fig. 7h), the axial flow directions are reversed but
the secondary flow characteristics remain qualitatively
the same. Unlike Re = 100, the flow structures at

Re = 740 in the bifurcation plane at t/T = 0.97 and
0.47 (1.03 and 0.53) no longer differ merely by the axial
flow direction because primary secondary vortices are
formed after bifurcation in the downstream flow, e.g.,
in the parent branch at end expiration (see S4 in
Figs. 7e and 7f) and in the child branch at end inspi-
ration (see S12.5 in Figs. 7g and 7h).

Flow in the CT-Based Airway Model

In this section, we compare the CT-based airway
cases under three different breathing conditions. They
are the NORM, the HFNR, and the HFOV cases. The
distributions of their corresponding dimensionless
frequency a2, dimensionless stroke length L/a, and Re
are exhibited in Fig. 2 (see also Table 1). HFNR is
much closer to the unsteady regime than the other two
cases, and its dimensionless stroke length is close to 7,
which is also the average ratio of airway segment

FIGURE 6. A sequence of velocity distributions in the bifurcation plane at Re 5 740, L/a 5 15, a 5 7 (point B in Fig. 2). Blue,
negative axial velocity to the left. Red, positive axial velocity to the right.

Numerical Study of High-Frequency Oscillatory Air Flow and Convective Mixing 3559



length over radius. At peak flow rate, the Re of HFOV
in the trachea is about thrice greater than those of
NORM and HFNR. Thus, the peak speed of the tur-
bulent laryngeal jet in HFOV is also about thrice
greater than the other two cases. At end expiration and
early inspiration at t/T = 0.97 and 1.03 (end inspira-
tion and early expiration at t/T = 0.47 and 0.53), the
color-coded velocity vectors in a vertical plane for the
three cases are compared in the left (right) two panels
of Fig. 8. The vertical plane is co-planar with the tra-
chea and the left and right main bronchi. The down-
ward (upward) vertical velocity is marked with the red
(blue) color. Figure 8a shows that counter flow at flow
reversal is absent in NORM. For HFNR, the flow
condition at the trachea has about twice higher
Womersley parameter a than A and B (see Fig. 2), and

an L/a value between A and B, and a higher peak Re of
1288 than B with Re = 740. As compared with the
flow structures in the single-bifurcation model dis-
played at t/T = 0.97 in Fig. 5b (Re = 100, point A)
and Fig. 6b (Re = 740, point B), the counter-flow
feature seems to be present, but is irregular due in part
to the complex geometry of the realistic airway model
and the higher Re of the flow, which can yield flow
separation and recirculation. At early inspiration
t/T = 1.03, the inspiratory flow (red) covers a greater
extent with the remnant expiratory flow (blue)
embedded in the core region of the trachea and the
left and right main bronchi. This feature resembles
those shown in Figs. 5c and 6c, but exhibiting a
patchy appearance. At end inspiration t/T = 0.47, the
counter-flow feature is also observed. The blue region

FIGURE 7. Closeup views of velocity vectors in Figs. 5 and 6 and two cross sections before and after flow reversal.
(a–d), Re 5 100; (e–h), Re 5 740. Blue, negative axial velocity to the left; red, positive axial velocity to the right.
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formed at the outer wall of the bifurcation due to
inertia is similar to that of the single-bifurcation case
shown in Fig. 6f. Similarly, at early expiration
t/T = 0.53, the remnant inspiratory flow (red) is
observed as in Fig. 6g, but also has a patchy appear-
ance. For HFOV, due to higher Re the flow is char-
acterized by small-scale eddy motions. For example, at
end expiration t/T = 0.97, the inspiratory flow (red)
near the bifurcation, which is ahead of the phase, is
found in smaller regions than HFNR. This feature is
also observed at end inspiration t/T = 0.47. Further-
more, the patches representing the remnant flow in

HFNR at early inspiration t/T = 1.03 and early expi-
ration t/T = 0.53 appear to break up into small pieces,
obscuring the counter-flow feature if any.

Next we shall examine the flow structures at the
bifurcation between generations 2 and 3. The bifurca-
tion located in the dot-dashed box in Fig. 1a is
examined. The flow parameters of the parent branch of
the bifurcation for the three cases are marked as boxed
2 in Fig. 2 with their respective colors (see also
Table 2). The flow condition for NORM is in the
convective regime IIIa, being far away from the
unsteady regime. The dimensionless frequencies a2 for

FIGURE 8. Velocity vectors in the bifurcation plane of the trachea and two main bronchi (G0-1) near flow reversal. Red, negative
(downward) axial velocity; blue, positive (upward) axial velocity. (a) NORM, (b) HFNR, and (c) HFOV. Instantaneous Reynolds
numbers at the trachea are 241 for (a) and (b), and 684 for (c).
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HFOV and HFNR are very close to those of A and B
used for the bifurcating tube model. HFNR is closer to
the unsteady regime I, whereas HFOV almost overlaps
with B in Fig. 2. The major differences between the
CT-based airway case and the single-bifurcation case
are twofold. First, the geometric feature of the
CT-based model is more complicated, but realistic, as
compared with the tubal model. Second, the upstream
and downstream flow structures entering the CT-based
bifurcation are computed in a whole airway setting
that minimizes the effects of boundary conditions.
Figure 9 shows the flow structures in a bifurcation
plane at end expiration and early inspiration
t/T = 0.97 and 1.03. Using the single-bifurcation case
(Figs. 6b and 6c) as a reference, Figs. 9a and 9b for
NORM do not reveal any counter-flow feature. For
HFNR, the counter-flow feature is observed. The
expiratory fluid stream (blue) at t/T = 0.97 in Fig. 9c
is particularly clear, resembling Fig. 6b. At early
inspiration (Fig. 9d), the remnant expiratory flow is
diminishing, primarily remaining in the core region of
the branches. For HFOV, the counter-flow feature is
not discernible as exhibited in Figs. 9e and 9f, although
its flow parameters are essentially the same as at B. The
above features at t/T = 0.97 and 1.03 for the three
cases are also observed at end inspiration and early
expiration t/T = 0.47 and 0.53. Figures 10a and 10b,
for example, show that the flow conditions for NORM
do not produce counter flow. For HFNR, the counter-
flow feature is particularly evident in the child bran-
ches as shown in Figs. 10c and 10d (cf. Figs. 6f and
6g), despite the presence of small vortices in the parent
branch. For HFOV, Figs. 10e and 10f show that the
flow is more disorganized, comprising several vortices
so that the counter-flow feature is not discernible.

Lastly, we examine the flow structures at the bifur-
cation between generations 3 and 4. The bifurcation in
the dashed box in Fig. 1a is investigated. The flow
parameters of the parent branch of the bifurcation are
marked as boxed 3 in Fig. 2 (see also Table 2). For
NORM, it is in the convective regime IIIa. For HFOV
and HFNR, their dimensionless frequencies fall on the
dashed line that is extended from the demarcation line

between the unsteady and viscous regimes. The dashed
line further classifies the convective regime into two
sub-regimes IIIa (quasi-steady) and IIIb (unsteady).
Figure 11 shows the flow structures for the three cases
at end expiration and early inspiration. The counter-
flow feature is completely absent in NORM and
HFOV, and is either nearly diminishing or absent in
HFNR. Similarly, at end inspiration and early expi-
ration the counter-flow feature is not observed in these
cases (data not shown).

Stretch Rate Analysis

For illustration of the correlation between flow
structures and stretch rates, we first consider the time
history of the stretching and orientation of a passive
line tracer consisting of uniformly distributed passive
Lagrangian particles in the straight-tube case at
Re = 740 that yields the Womersley solution. The
particles are initially aligned along a line in the radial
direction below the interface between two opposing
flows at flow reversal as denoted by red (number 1) in
Fig. 12a. Figure 12a shows the locations and shapes of
the tracer at t/T = 0, 0.25, 0.6, and 0.75, correspond-
ing to beginning inspiration, peak inspiration, early
expiration and peak expiration, respectively. The
Womersley velocity profiles at these times are also
exhibited to show the corresponding local velocity
gradient. At inspiration, the tracer is stretched, yield-
ing a positive slope by the positive velocity gradient of
the flow. At early expiration t/T = 0.6, the flow creates
an L-shaped tracer with a negative-slope upper part
and a positive-slope lower part. At peak expiration, the
slope of the tracer becomes negative. At the end of one
cycle, the tracer returns to its original location due to
the reversible kinematics of the linear Womersley
solution shown in Fig. 4a.

Next, we apply the stretch rate analysis to a particle
released in the middle of the above tracer. The time
histories of the three orientation components mi of a
line element calculated by Eq. (3) are shown in
Fig. 12b. The initial vector (m1, m2, m3) = (0, 1, 0) is in
parallel to the radial direction of the tube. As time

TABLE 2. Flow parameters for the two bifurcations in the CT-based airway model.

Generation L/a a a2 Peak Re Local tidal volume (mL)

A bifurcation between second and third generations enclosed by a dot-dashed box in Fig. 1a

NORM 163.4 1.45 2.10 343 73.1

HFNR 5.42 7.96 63.31 343 2.42

HFOV 15.36 7.96 63.31 972 6.87

A bifurcation between third and fourth generations enclosed by a dotted box in Fig. 1a

NORM 746 0.61 0.37 277 24.8

HFNR 24.7 3.35 11.2 277 0.82

HFOV 70.1 3.35 11.2 785 2.33

CHOI et al.3562



progresses, m3 remains unchanged in the absence of
shear. The line element experiences rotation with
increasing m1 and decreasing m2 due to positive shear
of the flow before reaching peak inspiration at
t/T = 0.25 as in Fig. 12a. At expiration t/T = 0.6, the
orientation of the line element is first reversed back to
(0, 1, 0), and then m1 is changed to 21 due to negative
shear in response to the change of flow direction. At
the end of one cycle, the line element recovers its initial
orientation. In one cycle, the line element experiences
stretching in opposite directions and is restored to its
initial orientation twice. The instantaneous (sI) and

time-averaged (sT) stretch rates for this line element are
displayed in Fig. 12c, and the enlarged view of sT is
plotted in Fig. 12b. The time history of the instanta-
neous stretch rate shows alternating positive and
negative stretches twice, corresponding to the twice-
stretched tracer illustrated above. As a result, at the
end of one cycle, the time-averaged stretch rate sT is
zero, e.g., t/T = 1 and 2, signifying a reversible pro-
cess. The relatively high sT at initial time is due to small
time t in the denominator of Eq. (5). The stretch rate
analysis shows that there is no net convective mixing at
the end of one cycle in spite of the existence of counter

FIGURE 9. Velocity vectors at end expiration and early inspiration in the bifurcation plane at the G2-3 bifurcation. Red (blue),
positive (negative) axial velocity in the parent branch to the right (left). (a, b), NORM; (c, d), HFNR; (e, f), HFOV. Instantaneous
Reynolds numbers at the parent branch (G2) are 64 for (a–d) and 182 for (e, f).
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flow and phase lag in the straight-tube system that
sustains the Womersley solution.

For the single-bifurcation cases shown in Figs. 5
and 6 for Re = 100 and 740, about 1700 particles are
released in the parent branch at a distance of 0.88D
and 6.5D from the bifurcation for Re = 100 and 740,
respectively. The ratio of the particle release distances
for Re = 100 and 740 is the ratio of the stroke lengths
for the two cases so that the spreads of particles with
respect to the bifurcation for both cases are dynami-
cally similar. Application of the stretch rate analysis to
two cycles of data yields the maximum-instantaneous

and time-averaged stretch rates of 13.2 and 1.49 (29.2
and 10.9) s21, respectively, for Re = 100 (740). The
stretch rates are no longer zero due to the formation of
secondary vortical motions. The ratio of the time-
averaged stretch rates for both cases is close to the
ratio of Re.

For the whole airway cases of HFOV and HFNR,
the stretch rates based on about 1700 particles are
presented. The particle release distances of 5.27D and
1.86D relative to the carina are marked by A and B in
Fig. 1a for HFOV and HFNR, respectively. The ratio
of the release distances is the same as the ratio of the

FIGURE 10. Velocity vectors at end inspiration and early expiration in the bifurcation plane at the G2-3 bifurcation. Red (blue),
positive (negative) axial velocity in the parent branch to the right (left). (a, b), NORM; (c, d), HFNR; (e, f), HFOV. Instantaneous
Reynolds numbers at the parent branch (G2) are 64 for (a–d) and 182 for (e, f).
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stroke lengths for dynamic similarity of particles
reaching the carina. The NORM case is not compared
here because it has a much longer dimensionless stroke
length (e.g., 184 in the trachea) than HFOV and
HFNR (17.3 and 6.1 in the trachea) so that the
majority of particles released in NORM would be
advected out of the model by the end of a cycle,
making the comparison difficult if not impossible.
Figure 13 shows the instantaneous and time-averaged
stretch rates for HFOV and HFNR. The instantaneous
stretch rates have local minima near flow reversal at

t/T ~ 0.5, 1, 1.5, and 2.0 for both cases, suggesting that
the flow structures at flow reversal are less effective in
mixing as compared with those at higher flow rates.
The time-averaged stretch rates sT at the end of two
cycles are 24.5 and 81.4 s21 for HFNR and HFOV,
respectively. The sT ratio between HFOV and HFNR
is 3.3, which is slightly greater than the Re ratio of 2.8.
It is noted that ~50% of particles released in HFOV
are advected out of the airway model as compared with
~5% in HFNR. The ~1700 particles used in calculation
of the above stretch rates are those remaining active

FIGURE 11. Velocity vectors at end expiration and early inspiration in the bifurcation plane at the G3-4 bifurcation. Red (blue),
positive (negative) axial velocity in the parent branch to the right (left). (a, b), NORM; (c, d), HFNR; (e, f), HFOV. Instantaneous
Reynolds numbers at the parent branch (G3) are 52 for (a–d) and 147 for (e, f).
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inside the airway models after two breathing cycles.
The number of active particles drops with time. Those
being advected out of the model tend to experience
higher stretch rates because of their association with
high-speed fluid stream (thus reaching the exits faster).
By using active particles at any time instant to compute
the stretch rates in HFOV (HFNR), we obtain the thin
lines in Fig. 13b, yielding a time-averaged stretch rate
of 107 (24.6) s21. The sT ratio becomes 4.3.

According to the Womersley solution and the
single-bifurcation case, the counter-flow phenomenon
is most evident between ±0.06 around t/T = 0.5 and 1.
With the short time duration of 0.12t/T centered at end
expiration and inspiration, we can quantify the con-
tribution of flow structures at flow reversal, such as
secondary vortices and counter flow, to mixing under
different frequencies and Re along with the influence of

the turbulent laryngeal jet flow for the cases of
NORM, HFNR, and HFOV. About 2000 particles are
released initially in the solid box surrounding the
carina in Fig. 1a. The particle release site is selected by
taking into consideration the long stroke length of
NORM. The instantaneous and time-averaged stretch
rates for these cases are displayed in Fig. 14. At end
expiration and early inspiration (left panel), the
instantaneous stretch rate sI for NORM behaves quite
differently from those of HFNR and HFOV, having a
local minimum of nearly zero at around flow reversal
t/T ~ 1. Inspection of the flow structures in Fig. 8a
shows weak flow activities in NORM at t/T ~ 1. As a
consequence, the time-averaged stretch rate sT for
NORM at t/T ~ 1 has a small slope. The instantaneous
stretch rates for HFNR and HFOV are not zero, being
attributed to the irregular counter-flow structures

FIGURE 12. Time histories of sample tracers and stretch rates in a straight tube. (a) Deformation of tracers at four normalized
times t/T 5 (0, 0.25, 0.60, 0.75) marked by (1, 2, 3, 4). (b) Time histories of orientation vector mi released at y/a 5 0.48 (the middle of
the red line at t/T 5 0). Subscript i (1, 2, 3) correspond to (x, y, z) in (red, green, blue). The black line with circle is the enlarged view
of the sT curve in (c). (c) Time histories of the stretch rates of a massless particle released at y/a 5 0.48. Line, sI (instantaneous
stretch rate); line with circle, sT (time-averaged stretch rate).
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FIGURE 13. Time histories of instantaneous and time-averaged stretch rates, sI (line) and sT (line with circle) for the whole airway
cases: (a) HFNR and (b) HFOV. In (b), thick lines are based on the particles that remain active inside the model at the end of two
cycles, whereas thin lines are based on the particles that are active at instant t/T. For (a) the distinction between thick and thin lines
are negligible, thus only those based on active particles at the end of two cycles are shown.

FIGURE 14. Time histories of instantaneous (sI) and time-averaged (sT) stretch rates near flow reversal for NORM, HFNR, and
HFOV at t/T 5 1 6 0.06 (left panel) and t/T 5 1.5 6 0.06 (right panel).
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shown in Figs. 8b and 8c. The oscillatory behavior
exhibited in the instantaneous stretch rate sI of HFOV
may be due to the turbulent eddy motions as revealed
in Fig. 8c. Overall, at t/T ~ 1 the maximum instanta-
neous stretch rates sI,max for NORM, HFNR, and
HFOV are 29, 56, and 145 s21, respectively, and the
time-averaged stretch rates sT over the period of
0.12t/T centered at t/T = 1 are 0.58, 4.9, and 9.5 s21,
respectively. The sI,max ratio is ~1:1.9:5, and the sT
ratio is ~1:8.4:16.4.

Next we shall consider the stretch rates at end
inspiration and early expiration t/T ~ 1.5. The distri-
butions of the stretch rates for the three cases are
qualitatively similar to those at t/T ~ 1. Overall, the
stretch rates at t/T ~ 1.5 are smaller than those at
t/T ~ 1. The maximum instantaneous stretch rates sI,max

for NORM, HFNR, and HFOV are 26, 36, and
138 s21, respectively, and the time-averaged stretch
rates sT are 0.46, 2.4, and 6.7 s21, respectively. The
sI,max ratio is ~1:1.4:5.3, and the sT ratio is ~1:5.2:14.6.
It is noteworthy that in the single-bifurcation model
shown in Fig. 7, at end inspiration t/T ~ 1.5 a pair of
secondary vortices is formed in the child branches,
whereas at end expiration t/T ~ 1 two pairs of sec-
ondary vortices are formed in the parent branch. More
vortices formed at end expiration yield greater stretch
rates and more effective convective mixing.

DISCUSSION

Counter Flow

Heraty et al.11 investigated the spatial flow struc-
tures under HFOV in both idealized and anatomically
realistic bifurcation models using PIV. One of the
important findings of their study was that the inspi-
ratory and expiratory fluid streams co-exist (known as
coaxial counter flow) in the airways for significant
periods around flow reversal for both idealized and
realistic models. Shear layers were formed between the
opposing fluid streams, and persisted for slightly
longer in the wider left child branch than in the right
child branch. Vortical structures were resulted from
the roll-up of shear layers in both models. More spe-
cifically, in their Fig. 3 with Re = 740 and a = 7 (the
same flow parameters as point B in Fig. 2), counter
flow and shear layers were found further away from
flow reversal at early inspiration t/T = 0.057 and
0.115, at end inspiration t/T = 0.452, and at early
expiration t/T = 0.623.

Contrary to their work, the current single-bifurcation
case with the same flow parameters (Re = 740 and
a = 7) shows that these structures are completely
absent further away from flow reversal at t/T = 1.06

(or 0.06) and t/T = 0.56 (see Figs. 6d and 6h). That is,
the time period for the existence of counter flow and
shear layers around flow reversal reported in Heraty
et al.11 is about twice longer than that of this study. To
investigate the potential effect of an imposed velocity
profile on the counter-flow period, a uniform velocity
profile (to mimic the blunt feature of the Womersley
velocity profile) with the same sinusoidal flow wave-
form as before is imposed in the single-bifurcation
model. The result shows that the uniform profile rap-
idly adjusts to the Womersley profile in the parent
branch. To investigate the effect of the shape of
breathing flow waveform, we impose a triangular
waveform that increases the flow rate linearly from
zero to the same peak inspiratory flow rate as the
sinusoidal waveform, reduces it linearly to zero at end
inspiration and then repeats it for the expiratory phase.
The triangular waveform has the same frequency as the
sinusoidal waveform, but has ~50% lower flow rate at
t/T ~ ±0.06 and ±0.56 than the sinusoidal one. The
result shows that the flow characteristics are qualita-
tively the same as before, but having a smaller velocity
magnitude. Lastly, we design a case with a sinusoidal
waveform only for the inspiratory phase. After end
inspiration t/T = 0.5 when the flow rate is zero, the
inlet boundary velocity is set to zero, maintaining a
zero flow rate for t/T> 0.5. The results show that the
counter-flow structures similar to Figs. 6f and 7g per-
sist within the time window of t/T = 0.5–1.0, but with
decaying velocity magnitude and shrinking thickness
of the inspiratory flow region. At t/T = 0.5, the
thickness of the inspiratory flow in the parent branch is
approximately constant, similar to the red region in
Fig. 7g. With increasing time, the thickness of the red
zone at a distance of ~0.5D to the bifurcation point
shrinks at a rate faster than other regions. At the center
point of that location, the velocity magnitudes at
t/T = (0.5, 0.6, 0.7, 0.8, 0.9, 1.0) are (0.47, 0.42, 0.32,
0.19, 0.11, 0.07), and the thicknesses normalized by the
parent-branch diameter are (0.65, 0.42, 0.26, 0.21, 0.21,
0.23). Thus, the velocity magnitude drops by 32%
(85%) from t/T = 0.5 to 0.7 (1.0). The pattern of the
narrowing inspiratory flow ahead of the bifurcation
resembles that shown in Fig. 3 at t/T = 0.623 of
Heraty et al.11 Thus, the ‘‘significant’’ periods around
flow reversal reported in their observations can only be
reproduced in this study with a significantly low flow
rate over a non-negligible period around flow reversal.

While the flow structures at flow reversal found in
the current single-bifurcation model bear some
resemblances to those observed by Heraty et al.,11 they
exhibit differences as well. For example, we do not
observe the roll-up of shear layers due to shear
instability and the subsequent vortices formed at the
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interface between opposing fluid streams at flow
reversal under the same flow condition of Re = 740.
The only vortical structures observed in the current
single-bifurcation model are the secondary rotational
motions, namely Dean vortices, due to centrifugal
instability associated with the curvature of the
bifurcation.4,33 At end expiration t/T = 0.97 and
early inspiration t/T = 1.03, two pairs of strong
counter-rotating vortices are formed in the parent
branch (see Figs. 7e and 7f), whereas at end inspi-
ration t/T = 0.47 and early expiration t/T = 0.53 a
pair of counter-rotating vortices is formed in the
child branch (see Figs. 7g and 7h). The primary
difference between these vortices (found at flow
reversal) and those found in a typical breathing
condition (evident at peak flow rate rather than at
flow reversal) is the spiral pattern of the current
vortices that exhibit alternating positive and negative
axial velocities, as indicated by the blue and red
colors in the figure, along the spiral stream-traces of
the vortices.

The branching angle and the diameter of the air-
ways shall also affect the counter-flow structures.
Heraty et al.11 reported the persistence of quasi-
axisymmetric counter flow and shear layers to a greater
extent of t/T = 0.115 at early inspiration and in the
‘‘wider’’ left child branch of the realistic model as
shown in their Fig. 3. In contrast, in this study Fig. 7f
shows that at t/T = 1.03 (or 0.03) the counter flow
exists in the child branch, but is skewed toward the
inner wall of the bifurcation. As illustrated in the
straight-tube and single-bifurcation cases, deviation
from axisymmetric counter flow to skewed counter
flow is due to the inertia effect augmented in the flow
through a curved tube. A close inspection of their
idealized and realistic single-bifurcation models shows
two major geometric differences between them. Both
geometries’ features happen to yield the same effect of
sustaining axisymmetric counter flow. The two features
are the ratio of child-branch diameter to parent-branch
diameter and the angle between the two child branches.
In their idealized model the ratio is ~0.84 and the angle
is ~63�, whereas in their realistic model the ratio is
~0.68 (0.64) for the left (right) child branch and the
angle is 44�. In the current single-bifurcation model
(Fig. 3a), the ratio is 0.7 and the angle is 70�, which fall
within the ranges of the CT-based airways shown in
Fig. 1 with an average ratio of 0.75 and an average
angle of 70�. Their models have either a large diameter
ratio (thus, yielding a smaller Re in the child branch)
or a small angle (thus, a smaller curvature). Both
reduce the effect of inertia, resulting in more apparent
Womersley-like flow features. It is noted that their
realistic model is based on a cadaver, while ours is
based on in vivo imaging.

Convective Mixing

Convective mixing is quantified by instantaneous
and time-averaged stretch rates. Lagrangian particles
act like micro-sensors that are advected along with the
flow and measure the degree of stretching by local flow
structures. Coaxial counter flow alone (and associate
shear layers) does not contribute to convective mixing
as demonstrated in Fig. 12 because the Womersley
solution is a linear solution such that passive tracers
are reversed back to their original states at the end of
one cycle or multiple cycles. With the presence of a
bifurcation, at low Re = 100 coaxial counter flows are
observed in both parent and child branches, and sec-
ondary vortices are present but weak, contributing
little to mixing. Effective mixing takes place at
Re = 740 in the single-bifurcation model when strong
secondary vortices are induced. The flow becomes
irreversible in that strong vortices are formed in the
‘‘parent’’ branch at end expiration and early inspira-
tion, whereas they are formed in the ‘‘child’’ branch at
end inspiration and early expiration. Unlike the
Womersley solution where the velocity profiles at t/T
are mirror images of those at t/T + 0.5 (Fig. 4a) and
thus they are reversible, secondary vortices at t/T are
no longer reverse processes of those at t/T + 0.5 due
to inertia. Besides, regardless of axial flow direction,
vortices on inspiration rotate in the same direction as
those on expiration, which depends on the curvature of
the bifurcation, contributing to irreversibility and
mixing as well.

For the CT-based airway model, three breathing
conditions are considered. They are the normal
breathing case NORM, HFNR, and HFOV cases.
Although HFNR is clinically impractical, it facilitates
the investigation of the respective effects of unsteadi-
ness (oscillation) and convection (inertia). Due to the
long stroke length in NORM, we first compare the
stretch rates for HFNR and HFOV for two cycles and
then compare the stretch rates for the three cases in the
vicinity of flow reversal. The results show that flow
structures at flow reversal are not as effective as those
at peak flow rate in mixing, but they contribute non-
negligibly (~20%) to the total of time-averaged stretch
rates in both HFNR and HFOV cases (based on the
division that the flow structures within ±0.06 around
t/T = 0.5 and 1 are regarded as counter-flow-related
structures). A comparison of time-averaged stretch
rates at the end of two cycles shows that mixing in
HFOV is about three to four times more effective than
HFNR, which is slightly greater than the ratio of Re
for both cases.

Considering the flow structures at flow reversal
near the first bifurcation within the time duration of
±0.06t/T, the stretch rate analysis shows that an
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increase in frequency by 30-fold increases the peak
instantaneous stretch rate (time-averaged stretch rate)
by 1.9 (8.4)-fold, whereas an increase in Re by
threefold increases the peak instantaneous stretch rate
(time-averaged stretch rate) by 2.6 (2)-fold. Contrary
to HFNR and HFOV, the instantaneous stretch rate
at flow reversal in NORM is nearly zero and the
time-averaged stretch rate is much smaller than
HFNR and HFOV. This demonstrates the unsteady
features of the high-frequency oscillatory flow at flow
reversal that is characterized by the interplay among
counter flow, secondary vortices, and turbulence.
Nonetheless, according to the flow visualization at
small airways (see Fig. 11) and the flow regime (see
Fig. 2), these unsteady flow features are only evident
and significant in convective mixing up to the bifur-
cations between the third and fourth generations of
the airways.

CONCLUSIONS

In this study, high-frequency oscillatory flow was
studied using CFD in three models with increasing
geometrical complexity, including a straight tube, a
symmetric single-bifurcation tube model, and a
CT-based trachea-bronchial airway model. The focus
of the study is placed on the counter-flow phenomenon
at flow reversal and its contribution to mixing. While
in the straight-tube case the Womersley velocity pro-
files are produced, in the single-bifurcation case coaxial
counter flow is altered by secondary vortices especially
at high Re, resulting in convective mixing. It is also
found that counter flow can sustain over a significant
time period when the flow rate is set to zero. For the
CT-based airway case, three flow conditions were
considered to examine the effects of unsteadiness and
inertia. It is found that in the normal breathing case
the flow structures at flow reversal contribute little to
mixing, whereas in the HFOV case the interplay
among counter flow, secondary vortices, and turbu-
lence enhances mixing at flow reversal.
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1Adler, K., and C. Brücker. Dynamic flow in a realistic
model of the upper human lung airways. Exp. Fluids
43:411–423, 2007.
2ARDSN: The Acute Respiratory Distress Syndrome Net-
work (ARDSN). Ventilation with lower tidal volumes as
compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N. Engl.
J. Med. 342:1301–1308, 2000.
3Chang, H. K. Mechanisms of gas transport during venti-
lation by high-frequency oscillation. J. Appl. Physiol.
56:553–563, 1984.
4Choi, J., M. H. Tawhai, E. A. Hoffman, and C.-L. Lin. On
intra- and intersubject variabilities of airflow in the human
lungs. Phys. Fluids 21:101901, 2009. doi:10.1063/1.3247170.
5Darquenne, C., and G. Kim Prisk. Aerosols in the study of
convective acinar mixing. Respir. Physiol. Neurobiol.
148(1–2):207–216, 2005.
6Derdak, S., S. Mehta, T. E. Stewart, T. Smith, M. Rogers,
T. G. Buchman, B. Carlin, S. Lowson, J. Granton, and the
Multicenter Oscillatory Ventilation for Acute Respiratory
Distress Syndrome Trial (MOAT) Study Investigator.
High-frequency oscillatory ventilation for acute respiratory
distress syndrome in adults: a randomized, controlled trial.
Am. J. Respir. Crit. Care Med. 166:801–808, 2002.
7Dos Santos, C. C., and A. S. Slutsky. The contribution of
biophysical lung injury to the development of biotrauma.
Annu. Rev. Physiol. 68:585–618, 2006.
8Formaggia, L., F. Nobile, A. Quarteroni, and A. Veneziani.
Multiscale modelling of the circulatory system: a pre-
liminary analysis. Comput. Vis. Sci. 2:2–3, 1999.
9Grinberg, L., and G. Karniadakis. Outflow boundary
conditions for arterial networks with multiple outlets. Ann.
Biomed. Eng. 36:9, 2008.

10Henry, F. S., J. P. Butler, and A. Tsuda. Kinematically
irreversible acinar flow: a departure from classical disper-
sive aerosol transport theories. J. Appl. Physiol. 92:835–
845, 2002.

11Heraty, K. B., J. G. Laffey, and N. J. Quinlan. Fluid
dynamics of gas exchange in high-frequency oscillatory
ventilation: in vitro investigations in idealized and ana-
tomically realistic airway bifurcation models. Ann. Biomed.
Eng. 36(11):1856–1869, 2008.

12Heyder, J., J. D. Blanchard, H. A. Feldman, and J. D.
Brain. Convective mixing in human respiratory tract: esti-
mates with aerosol boli. J. Appl. Physiol. 64:1273–1278,
1988.

13Horsfield, K., G. Dart, D. E. Olson, G. F. Filley, and
G. Cumming. Models of the human bronchial tree. J. Appl.
Physiol. 31:207–217, 1971.

14Jan, D. L., A. H. Shapiro, and R. D. Kamm. Some features
of oscillatory flow in a model bifurcation. J. Appl. Physiol.
67:147–159, 1989.

15Krishnan, J. A., and R. G. Brower. High frequency venti-
lation for acute lung injury and ARDS. Chest 118:795–807,
2000.

CHOI et al.3570

http://dx.doi.org/10.1063/1.3247170


16Kumar, H., M. H. Tawhai, E. A. Hoffman, and C.-L. Lin.
The effects of geometry on airflow in the acinar region of
the human lung. J. Biomech. 42:1635–1642, 2009.

17Lieber, B. B., and Y. Zhao. Oscillatory flow in a symmetric
bifurcationairwaymodel.Ann.Biomed.Eng.26:821–830, 1998.

18Lin, C.-L., H. Lee, T. Lee, and L. J. Weber. A level set
characteristicGalerkin finite elementmethod for free surface
flows. Int. J. Numer. Methods Fluids 49(5):521–547, 2005.

19Lin, C.-L., M. H. Tawhai, G. McLennan, and E. A.
Hoffman. Characteristics of the turbulent laryngeal jet and
its effect on airflow in the human intra-thoracic airways.
Respir. Physiol. Neurobiol. 157:295–309, 2007.

20Lin, C.-L., M. H. Tawhai, G. McLennan, and E. A.
Hoffman. Multiscale simulation of gas flow in subject-
specific models of the human lung. IEEE Eng. Med. Biol.
Mag. 28:25–33, 2009.

21Lunkenheimer, P. P., W. Rafflenbeul, H. Keller, I. Frank,
H. H. Dickhut, and C. Fuhrmann. Application of
transtracheal pressures oscillations as modification of
‘‘diffusion respiration’’. Br. J. Anaesth. 44:627, 1972.

22Ma, B., and K. R. Lutchen. An anatomically based hybrid
computational model of the human lung and its application
to low frequency oscillatory mechanics. Ann. Biomed. Eng.
34(11):1691–1704, 2006.

23Mackley, M. R., and R. M. C. Neves Saraiva. The quan-
titative description of fluid mixing using Lagrangian- and
concentration-based numerical approaches. Chem. Eng.
Sci. 54:159–170, 1999.

24Majumdar, A., A. M. Alencar, S. V. Buldyrev, Z. Hantos,
K. R. Lutchen, H. E. Stanley, and B. Suki. Relating airway
diameter distributions to regular branching asymmetry in
the lung. Phys. Rev. Lett. 95:168101, 2005.

25Marchak, B. E., W. K. Thompson, P. Duffty, T. Miyaki,
M. H. Bryan, A. C. Bryan, and A. B. Froese. Treatment of
RDS by high-frequency oscillatory ventilation: a pre-
liminary report. J. Pediatr. 99:287–292, 1981.

26Marini, J. J. Evolving concepts in the ventilatory manage-
ment of acute respiratory distress syndrome. Clin. Chest
Med. 17:555–575, 1996.

27Mehta, S., J. Granton, R. J. MacDonald, D. Bowman, A.
Matte-Martyn, T. Bachman, T. Smith, and T. E. Stewart.
High-frequency oscillatory ventilation in adults: the Tor-
onto experience. Chest 126:518–527, 2004.

28Moganasundram, S., A. Durward, S. M. Tibby, and I. A.
Murdoch. High-frequency oscillation in adolescents. Br. J.
Anaesth. 88:708–711, 2002.

29Nagels, M. A., and J. E. Cater. Large eddy simulation of
high frequency oscillating flow in an asymmetric branching
airway model. Med. Eng. Phys. 31:1148–1153, 2009.

30Ottino, J.M.TheKinematics ofMixing: Stretching,Chaos and
Transport. Cambridge: Cambridge University Press, 1989.

31Roberts, E. P. L. Unsteady Flow and Mixing in Baffled
Channels. PhD thesis, Department of Chemical Engineer-
ing, University of Cambridge, UK, 1992.

32Roberts, E. P. L., and M. R. Mackley. The simulation of
stretch rates for the quantitative prediction and mapping of
mixing within a channel flow. Chem. Eng. Sci. 50:3727–
3746, 1995.

33Saric, W. S. G}ortler vortices. Annu. Rev. Fluid Mech.
26:379, 1994.

34Tanaka, G., T. Ogata, K. Oka, and K. Tanishita. Spatial
and temporal variation of secondary flow during oscillatory
flow in model human central airways. J. Biomech. Eng.
121:565–573, 1999.

35Tawhai, M. H., P. J. Hunter, J. Tschirren, J. Reinhardt,
G. McLennan, and E. A. Hoffman. CT-based geometry
analysis and finite element models of the human and ovine
bronchial tree. J. Appl. Physiol. 97:2310–2321, 2004.

36Tawhai, M. H., A. J. Pullan, and P. J. Hunter. Generation
of an anatomically based three-dimensional model of the
conducting airways. Ann. Biomed. Eng. 28:793–802, 2000.

37Tremblay, L. N., and A. S. Slutsky. Ventilator-induced
lung injury: from the bench to the bedside. Intensive Care
Med. 32:24–33, 2006.

38Vignon-Clementel, I. E., C. A. Figueroa, K. E. Jansen, and
C. A. Taylor. Outflow boundary conditions for three-
dimensional finite element modeling of blood flow and
pressure in arteries. Comput. Methods Appl. Mech. Eng.
195:3776–3796, 2006.

39Vreman, A. An eddy-viscosity subgrid-scale model for
turbulent shear flow: algebraic theory and applications.
Phys. Fluids 16(10):3670–3681, 2004.

40Womersley, J. R. Method for the calculation of velocity,
rate of flow and viscous drag in arteries when the pressure
gradient is known. J. Physiol. 127:553–563, 1955.

41Xia, G., M. H. Tawhai, E. A. Hoffman, and C.-L. Lin.
Airway wall stiffness and peak wall shear stress: a fluid-
structure interaction study in rigid and compliant airways.
Ann. Biomed. Eng. 38(5):1836–1853, 2010.

42Yin, Y., J. Choi, E. A. Hoffman, M. H. Tawhai, and C.-L.
Lin. Simulation of pulmonary air flow with a subject-
specific boundary condition. J. Biomech. 2010. doi:
10.1016/j.jbiomech.2010.03.048.

43Yin, Y., E. A. Hoffman, and C.-L. Lin. Mass preserving
nonrigid registration of CT lung images using cubic
B-spline. Med. Phys. 36:4213–4222, 2009.

44Zhang, Z., and C. Kleinstreuer. Transient airflow struc-
tures and particle transport in a sequentially branching
lung airway model. Phys. Fluids 14:862–880, 2002.

45Zhao, Y., and B. B. Lieber. Steady expiratory flow in a
model symmetric bifurcation. J. Biomech. Eng. 116:318–
323, 1994.

Numerical Study of High-Frequency Oscillatory Air Flow and Convective Mixing 3571

http://dx.doi.org/10.1016/j.jbiomech.2010.03.048

	Numerical Study of High-Frequency Oscillatory Air Flow and Convective Mixing in a CT-Based Human Airway Model
	Abstract
	Introduction
	Methods
	Fluid Solver
	CT Image-Based Central Airway Model and 1D Centerline Model
	Breathing Conditions for the CT-Based Airway Model
	Stretch Rate Analysis
	Flow Regimes

	Results
	Model Validation
	Womersley Solution and Flow in a Straight Tube
	Flow in the CT-Based Airway Model
	Stretch Rate Analysis

	Discussion
	Counter Flow
	Convective Mixing

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


