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SUMMARY

The laminar flow in the small bronchial tubes is quite complex due to the presence of vortex-dominated,
secondary flows. In this paper, we report the results of a numerical investigation of the simultaneous
effects of asymmetric and non-planar branching on the primary and secondary flows in the small bronchial
tubes, i.e. generations 6-12. We simulate steady-state inspiratory flow at a Reynolds number of 1000
in three-generation, asymmetric planar and non-planar bronchial tube models. The non-planar model
was defined by applying a 90° out-of-plane rotation to the third-generation branches. A detailed mesh
refinement study was performed in order to demonstrate mesh independence. Significant differences were
observed between flows in the planar and non-planar models. An uneven mass flow distribution was
observed in the non-planar model in contrast to the evenly distributed mass flow in the planar model.
The secondary flows created symmetric vortex patterns in the planar model, whereas vortex symmetry
was lost in the non-planar model. These results illustrate the importance of incorporating asymmetry in
addition to non-planarity in the geometric models. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Respiration produces surprisingly complex flow fields in the network of lung airways. Secondary
currents, in the form of vortices, play a critical but poorly understood role in the filtration of
entrained particles from inhaled air, consigning some to deposition on mucus-lined walls, others
to a return trip through exhalation, and some to lodgings deep in the fine structures of the
terminal airways. The motivation for this effort is the significance of two seemingly dichotomous
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applications that are related to airflow in the lungs (1) the health hazard posed by the inhalation of
carcinogenic, disease-bearing, or lung-damaging aerosols and (2) the clinical delivery of both local
and systemic aerosolized drugs through the lungs. Progress on both applications is hampered by
the fact that experimental studies for flow in the small bronchial tubes are difficult and expensive
due to their small scale and their inaccessibility deep in the chest. In addition, there are ethical
issues associated with such in vivo experimental studies.

1.1. Flows in bronchial tubes

The flows in the small bronchial tubes are characterized by a Reynolds number less than 1000
[1]. The general characteristics of the bronchial tube flow field are illustrated in Figures 1 and 2.
The flow in the direction of the local axis of the tube is designated as the primary flow and the
flow in the plane perpendicular to the axis of the tube as the secondary flow. It should be noted
that these definitions for the primary and secondary flows are only valid for simple tubes. As it
is not possible to define a local tube axis near the bifurcation, the primary and secondary flow
designations have little meaning in this region. Figure 1 shows the primary velocity profiles at
various cross-sections. The vectors are colored by normalized velocity magnitude. Figure 2(a)
shows a plot of stream ribbons colored according to the exit in which the ribbon leaves the domain.
This figure illustrates the effects of the secondary flows, which are dominated by vortices. The
ribbons are twisted near the bifurcation indicating the presence of these vortices. The cross-flow
velocity vectors, representing the secondary flow in cutting plane AB in Figure 1, are shown
in Figure 2(b). The vectors are plotted on the cutting plane, which is colored by total velocity
magnitude. Only every third vector is plotted for clarity. The vortices are formed due to the axial
curvature of the tube. As a fluid particle enters the curved section of the tube, its path changes
due to the curvature. To conserve angular momentum, the particle velocity increases. As particles
on the inside of the curve, where the radius of curvature is smaller, experience a greater change in
path curvature, they accelerate more than those on the outside of the curve. These faster particles
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Figure 1. Primary flow in three-generation bronchial tube model—axial velocity profiles at various
cross-sections colored by velocity magnitude.
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(b)

Figure 2. Secondary flows in three-generation bronchial tube model: (a) stream ribbons colored by exit
and (b) counter-rotating vortex pair in cutting plane AB (plane shaded by velocity magnitude).

rush to the outside of the curve and displace the slower moving particles, which results in the
formation of a counter-rotating vortex pair. This phenomenon is illustrated in Figure 2(b) where
the region of highest velocity, i.e. the red shaded region, is shifted toward the outside of the turn
(A side) due to inertial effects. Vortices generated due to axial curvature are typically called Dean
vortices [2].

1.2. Literature review

There have been a number of experimental and computational studies investigating bronchial
tree flow fields with and without particle transport. A variety of bronchial tube geometries such
as symmetric and asymmetric, single- and multi-generation, planar and non-planar have been
employed to study both steady and unsteady flows. The importance of mesh-independent numerical
solutions has been recognized and demonstrated in some simulations of bronchial tube flows.

1.2.1. Lung geometry. Morphological descriptions of the human bronchial tubes have appeared
in the literature since 1963 when Weibel [3] introduced a symmetric physical model. Horsfield
and Cumming introduced an anatomical representation of asymmetric lung tubes taking Weibel’s
model as the fundamental unit [4]. Hammersley and Olson presented symmetric and asymmetric
bifurcation patterns for the human lung appropriate for generations 6—12 [5]. In 2004, Hegedus
et al. provided a detailed mathematical description of a morphologically realistic airway geometry
of the first five generations [6].

1.2.2. Secondary flows and particle deposition. The influence of vortices in lung airway flows
has been demonstrated to be significant. Schroter and Sudlow [7] experimentally studied the flow
in two- and three-generation bronchial tube models for steady-state inspiratory and expiratory
conditions over a Reynolds number range of 100-4500. The velocity profiles were observed to
be skewed toward the outside of the turn in the plane of the bifurcation in the second-generation
daughter tubes. In addition, ‘M-shaped’ velocity profiles were observed in the plane normal to the
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bifurcation due to the presence of secondary flows. When steady-state flow with particle deposition
was simulated for micron-sized particles at a Reynolds number of 568 [8, 9], secondary flows were
observed to play an important role in particle deposition for inspiratory conditions. Gatlin et al.
[1] observed the magnitude of secondary velocities to be as high as 50% of the local axial velocity
for flow at a Reynolds number of 500 in an asymmetric bifurcation. Stronger secondary currents
were observed by Liu ef al. [10] in an asymmetric model compared with a symmetric model
in steady-state flow field simulations. The flow was simulated using an unstructured mesh and
mesh convergence was demonstrated by refinement until changes in mass flow rate were within
a tolerance of 0.5%. Soni and Thompson [11] investigated secondary flows in planar three- and
four-generation asymmetric models. They used a uniform inlet flow profile and had difficulties
obtaining mesh-independent solutions for the secondary flows.

Zhang et al. [12] simulated particle deposition for a four-generation symmetric model using a
parabolic inlet velocity profile on a structured mesh refined to show mesh independence. They
demonstrated the effects of inlet profiles on particle deposition patterns. Zhang et al. [13] compared
microparticle and nanoparticle deposition patterns in a planar three-generation upper airway for
different inspiratory conditions. The metrics used to measure mesh independence included the
velocity fields, mass fractions, and particle deposition patterns. The nanoparticles were observed
to be more uniformly distributed along the airway than were the microparticles. Balashazy et al.
[14] simulated fiber deposition in a planar three-generation central airway. The particle deposition
efficiency was examined for flow rates varying over the range of 10—1201/min, which corre-
spond to resting and heavy exercise, respectively, and fiber lengths ranging from 25 to 100 um
for different geometries with varying branching angles. The deposition efficiency increased with
increasing breathing rates and branching angles, demonstrating the significance of flow rate and
airway geometry on fiber deposition. Longest and Vinchurkar [15] compared four different mesh
styles—multi-block-structured hexahedral, unstructured tetrahedral, solution adaptive tetrahedral,
and hybrid mesh—to study bronchial tube flow fields and particle deposition. Comparisons were
made based on the total number of volume elements, flow solver run time, and rate of mesh
convergence. Based on these criteria, the block-structured hexahedral mesh was shown to provide
the optimum results.

1.2.3. Effects of non-planarity. In reality, the lung airways are not confined to a single plane. In
addition to non-planar branching, the individual bifurcations may not have a plane of symmetry [16].
This asymmetry is typically neglected in the experimental studies and simulations reported in the
literature. We adopt the terminology employed in the literature and use ‘non-planar’ to refer to
out-of-plane branching of subsequent generations.

In most cases, the effects of non-planarity were evaluated under the assumption that the most
extreme effects occur when the out-of-plane branch is perpendicular to the previous branch. The
effects of non-planarity on microparticle deposition were investigated in an experimental study
of steady-state inhalation using a symmetric three-generation model with the Reynolds number
varying between 283 and 4718 by Kim and Fisher [17]. Caro et al. [18] observed the impact
of non-planarity to be significant in the vortex patterns in an experimental effort to understand
steady inspiratory flows in a three-generation symmetric bronchial tube model. Comer et al. [19]
simulated microparticle deposition patterns for different Reynolds numbers, Stokes numbers, inlet
particle release patterns, and airway geometry in a symmetric three-generation lung airway model.
The particle deposition results, described in terms of patterns and surface concentrations, were
found to be considerably different for the non-planar case in comparison with the planar case.
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Liu et al. [20] observed an uneven flow distribution as more flow entered the medial tubes than
the lateral tubes in a symmetric three-generation planar model. In contrast, evenly distributed
flow was observed in a symmetric three-generation non-planar bronchial tube model. Zhang and
Kleinstreuer [21] claimed that the microparticle deposition patterns for the non-planar model were
equivalent to the planar model, but rotated. Additionally, the secondary flow intensity was found
to be about 120% higher during exhalation in a non-planar model than in a planar model, where
the intensity of the secondary flow was defined as the ratio of integrated secondary velocities to
integrated axial velocities at a given cross-section. Particle deposition patterns were calculated for
normal breathing and high-frequency ventilation conditions employing a structured mesh that was
refined to produce a mesh-independent solution in terms of the velocity profile.

1.2.4. Flow simulation for the complete bronchial tree. Researchers ultimately want to understand
the flow structures and particle transport process in the entire human bronchial network. It has been
a challenge to achieve this goal due to the complexity associated with the geometry of the human
lungs. However, a few researchers have successfully simulated the flow in models with numerous
generations. Nowak et al. [22] presented flow field and particle transport simulation results for
lung airways generated from a CT scan. Comparisons of computational results for a realistic model
and Weibel’s symmetric planar entire lung airway model showed microparticle deposition patterns
that exhibited moderate differences over a Reynolds number range of 120-2000 for both steady
and unsteady flows. Although a CT scan model provides a more realistic geometry, it cannot
provide the airway beyond nine generations, which limits its application for studying the entire
lung airway. Ertbruggen et al. [23] described a three-dimensional anatomically based lung airway
model starting from the trachea to the segmental bronchi containing 17 bifurcations for simu-
lating steady-state flows with microparticle transport. The maximum particle deposition was found
when the out-of-plane angle was largest compared with other tubes in the same generation, eluci-
dating the role of non-planarity on deposition of micron-sized particles. A multi-block-structured
mesh was chosen and refined until the maximum difference between velocity profiles was less
than 2%.

1.3. Motivation
After reviewing the literature, the following statements can be made:

1. Although the effects of non-planarity and asymmetry in the bronchial tube geometry have
been investigated individually, the combined effects of non-planarity and asymmetry have
not been investigated.

2. Only a limited number of mesh refinement studies for bronchial flow field simulations have
appeared in the literature [10, 12, 15,20, 21, 23]. The mesh refinement studies seem rather
incomplete as secondary flows were not considered, even though secondary flows play a
crucial role in particle deposition.

In this paper, we focus on the areas that were not addressed in previous studies, namely

1. We investigate the effects of simultaneous asymmetry and non-planarity on the primary and
secondary flows in bronchial tube models.

2. We present the results of detailed mesh refinement studies designed to demonstrate mesh
independence of the primary and secondary flow fields in the bronchial tube models.
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2. NUMERICAL SIMULATION

2.1. Geometrical model

The asymmetric bronchial tube model described by Hammersley and Olson [5], which is appropriate
for generations 6—12, was employed in this effort. The geometry shown in Figure 3 is taken to be
the fundamental unit of the network of airways in the lung. In the nomenclature employed here, the
parent tube represents one generation and the two daughter tubes represent a second generation.
In general, the number of exits for a network can be obtained from Nexit=2N —1 where N is the
number of generations. The asymmetric branching is defined by a parent-to-daughter diameter ratio
of D/d=1.143 for the larger daughter tube and a ratio of D/d=1.515 for the smaller daughter
tube. The branch angles for the larger and smaller daughter tubes are 25° and 45°, respectively. The
length to diameter ratio for all branches is L/D =3.0. The length of a daughter tube is defined as
the distance from the intersection of the tube centers at the starting bifurcation to the intersection
of the tube centers at the ending bifurcation. According to Hammersley and Olson, the local radius
of curvature of the carina is less than 0.1D. In our model, we employed a radius of curvature of
0.005D. The shape of the carina was preserved by employing a sufficient number of points on the
defining curve when discretizing the carinal region.

In a realistic bronchial network, branching is not confined to a plane, i.e. the subsequent
generations may not lie in the same plane. The out-of-plane branch angles are randomly distributed
in a manner that allows the bronchial tube network to fill the available space without intersections.
Following research reported in the literature [17—-21], we introduce non-planarity by rotating the
third generation 90° out-of-plane with respect to the second generation.

Based on the above geometrical information, three-generation planar and non-planar computa-
tional models were generated. The fundamental unit shown in Figure 3 can be used to develop
multi-generation models by attaching it to a previous generation and maintaining the appropriate
parent/daughter tube diameter ratios. To develop a three-generation bronchial tree, a funda-
mental unit is added at each exit of the two daughter tubes of a two-generation geometry. The
fundamental unit is attached such that the daughter tube is positioned centrally on its parent tube

Figure 3. Fundamental unit of bronchial tree (two generations and a single bifurcation).
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Figure 4. Three-generation bronchial tube geometries: (a) planar model showing location of the zoomed
meshes in Figure 7 and (b) non-planar model rotated for better view.

to mimic the planar three-generation asymmetric model given by Hammersley and Olson [5]. In
other words, in the planar model, the smaller tubes in the third generation were placed in the medial
positions, whereas the larger tubes in the third generation were positioned laterally. Figures 4(a)
and (b) show three-generation planar and non-planar geometries, respectively. The parent tube
length was shortened in the fundamental unit to preserve the L/D ratio when attached to an exit
of the previous generation.

2.2. Mesh generation

The computational domains for the bronchial tree models were discretized using unstructured
meshes. In addition to advantages for modeling complex geometries relative to block-structured
grids, the use of unstructured meshes facilitates improved load balancing for enhanced efficiency
on large-scale parallel computers. However, an unstructured mesh may require more elements to
reach the same level of accuracy as a structured mesh [15]. The unstructured mesh was generated
using the SolidMesh package [24] that employs the advancing-front/local-reconnection technique
developed by Marcum and Weatherill [25]. The advancing-front technique is used for the initial
point placement. A combined Delaunay/min-max criterion is then used to reconnect the points
to form volume elements. The code can create tetrahedral, pyramid, quadrilateral, prismatic, and
hexahedral elements. The meshes generated for this study employed a surface mesh consisting of
triangular elements and a mixed-element (hybrid) volume mesh.

One point should be made concerning the mesh generation strategy we used for the multi-
generation models. If a uniform nodal distribution is employed for the surface mesh, each
succeeding generation is less well resolved as the diameter of each tube decreases as the depth of
the tree increases. This will likely result in an inadequately resolved flow field. We assume that,
as each generation is geometrically similar to the fundamental unit, the primary flow structures
in each generation are also geometrically similar. Although interference effects from preceding
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Figure 5. Self-similar nodal spacing for each tube. Cross-sections at 1, 2, and 3 have the
same number of nodes distributed around their circumferences. In this image, the nodal

spacing was doubled to enhance clarity.
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Figure 6. Mesh quality plots showing the distribution of included angles in the surface and volume meshes:
(a) surface mesh quality and (b) volume mesh quality.

generations in the flow path render this statement false in a strict sense, it does provide some
guidance for developing a systematic method for discretizing the computational domain. The
assumption of geometrically similar flow structures implies that a geometrically similar surface
mesh should be employed for each generation as the unstructured volume mesh is strongly
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dependent on the surface mesh. This was implemented by ensuring that the same number of
nodes was employed to discretize geometrically similar parts in each generation. The geometry
was subdivided as shown in Figure 5 to ensure a smooth transition from finer to coarser nodal
spacing in the model. At cross-sections 1, 2, and 3, which are geometrically similar to one another,
the same number of nodes were employed. In the coarsest mesh, 110 nodes were employed at
each of these cross-sections. Although this does not guarantee that the mesh in a daughter tube
is a geometrically similar copy of the mesh in its parent tube and, by inference, the mesh in
its grandparent tube, it does ensure that a comparable mesh is employed in each generation. To
preserve its shape, a finer nodal spacing was applied in the carinal region.

Mesh quality for an unstructured mesh is typically measured in terms of the included face
angles. Standard mesh quality plots for the surface and volume meshes are shown in Figures 6(a)
and (b). The average included angle for the surface triangles was 60° and more than 90% of the
included angles were between 50° and 70° as shown in Figure 6(a). As seen in Figure 6(b), a
majority of the included angles for the volume elements lie between 50° and 95°. As we employed
a hybrid unstructured mesh, twin peaks occur in the volume mesh quality plot. The peak near
90° represents the quadrilateral faces on the prisms, whereas the peak near 60° represents the
triangular faces in the prisms and tetrahedra. The average included angle for volume elements
was 72°. Only 1.2% of the included angles were outside of a lower bound of 30° and an upper
bound of 120°.

2.3. Mesh refinement strategy

To facilitate the mesh refinement study, four meshes were generated for the three-generation
planar and non-planar models. The meshes for planar and non-planar models were generated
using the same nodal spacing producing approximately the same number of elements for both
geometries. Table I shows statistical information for each mesh generated for the planar and
non-planar three-generation bronchial tube models. The number of elements was approximately
doubled for each refinement by decreasing the nodal spacing in the surface mesh by a factor of
3/2. Surface meshes near the initial bifurcation are shown for each mesh in Figure 7. Figures 7(a)—
(d) show enlarged views of the surface mesh in the small rectangular region indicated in
Figure 4(a).

It should be noted that the number of volume elements used in this mesh refinement study
is relatively large in comparison with other mesh refinement studies reported in the literature
[10, 12,13, 15,21, 23]. In addition to the obvious point that mesh convergence is strongly dependent

Table I. Statistical information for meshes generated for the three-generation planar and non-planar models.

Mesh Nodes™ Surface elements™ Volume elements™
Baseline 1.29 0.29 5.5
Refinement 1 2.36 0.47 10.6
Refinement 2 4.29 0.74 20.15
Refinement 3 8.04 1.18 39.2

*The numbers are shown in millions.
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Figure 7. Detailed images showing the effects of surface mesh refinement near the first bifurcation as
shown in Figure 4(a): (a) baseline mesh; (b) refinement 1; (c) refinement 2; and (d) refinement 3.

on the specific flow solver, we attribute this difference to the following. First, we have attempted to
demonstrate mesh convergence using secondary flow field metrics, such as the vortex core location,
which have not been employed in the past. Additionally, because of the relatively small radius of
the carina, a larger number of nodes are needed to resolve the geometry in this region. Finally,
an unstructured mesh requires more cells to provide the same level of accuracy as a structured
mesh [15].

2.4. Flow solver

The steady flow solutions were computed using the unstructured unsteady computation of field
equations (U2NCLE) flow solver [26]. U2NCLE is an unstructured, unsteady Reynolds-averaged
Navier-Stokes code. The code uses a finite volume formulation of the Navier—Stokes equations,
which satisfies a discrete approximation to the integral form of the conservation laws. Under the
flow conditions in the small bronchial tubes, the fluid can be characterized by a constant density
and viscosity. The flow is governed by the incompressible Navier—Stokes equations, which are
based on the concepts of conservation of mass and momentum and are given in non-dimensional
form in three dimensions as

7

1
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where
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Here u, v, and w are the fluid velocities in the x, y, and z directions, respectively, and P is the
pressure. The above equations are non-dimensionalized by the reference density p,.¢, the reference
velocity Uref, the reference viscosity fi.¢, and the characteristic length scale L, in this case, the
diameter of the parent tube. The non-dimensional pressure is given as P = (P* — Pref)/ (PretU 20,
where P* is the local static pressure. The Reynolds number is defined as Re = potUrerL/ tief-
As all variables are non-dimensionalized, the density and the viscosity do not appear explicitly
in the equations. Finally, i1 is an outward-pointing unit vector for a given cell face. To solve
the incompressible Navier—Stokes equations, an artificial compressibility term is added to the
equations [27]. 8 is the artificial compressibility factor. Residual norms were reduced to 10~!7
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using local time stepping to converge to a steady-state solution. Typically, about 12 000 time steps
were required to reach a steady state. All computations were made using 64 processors in parallel
on a cluster consisting of 512 Sun Microsystems SunFire X2200 M2 servers.

2.4.1. Boundary conditions. The no-slip boundary condition was applied at the tube surface along
with a zero normal pressure gradient assumption. The walls were assumed to be rigid and smooth.
The velocity distribution at the inlet was specified explicitly. This defines the flow rate and differs
from imposing a pressure difference between the inlet and outlet, which requires adjusting the
pressure difference to achieve the desired flow rate. It also gives flexibility to introduce different inlet
velocity profiles. In this study, the fully developed parabolic inlet velocity profile was employed.
The parabolic inlet velocity profile is given by

V()= Vinax (1—(%)2) ©)

where V (r) is the inlet velocity, the non-dimensionalized maximum velocity is Vipax =2, r is the
radial position in the inlet plane, and R is the radius of the tube at the inlet. A constant static
pressure was specified at each of the four outlets, assuming the same pressure at each of the
third-generation outlets. The pressure at the inlet was allowed to float in response to the imposed
values of exit pressure.

The assumption that the pressure at each exit is the same is not realistic considering the fact
that the bronchial tubes are not equally ventilated. Owing to the lack of precise knowledge of the
pressure at the corresponding locations in the actual bronchial tree, like many other researchers,
we have imposed the same pressure at each exit [1, 12, 13, 19,22, 23]. Obviously, this will have
some impact on the results, in particular, flow partitioning. However, the primary intent of this
paper is to investigate geometric effects on the flow. Evaluating the sensitivity to exit boundary
conditions is a topic for continued research.

3. RESULTS

In this section, we present results from simulations of flow fields in planar and non-planar asym-
metric three-generation airway models. These flows were simulated using the four meshes described
in Table I. The simulations were performed for a Reynolds number of 1000 based on the initial
parent tube diameter and mean velocity. We investigate the combined effects of the non-planarity
and asymmetry on the primary and secondary flows. We also demonstrate mesh convergence of the
primary and secondary flows for each configuration. To determine the locations and orientations
of the curves and surfaces from which data were extracted, see Figure 8. In the descriptions that
follow, we will refer to the bifurcation plane and the normal to the bifurcation plane. Figure 9
shows three-dimensional surface plots of axial velocity profiles at aa’. Figure 9(a) shows the
orientation of the bifurcation plane, which is the plane of symmetry of the local bifurcation, and
the intersection of the axial velocity profile with the bifurcation plane. Figure 9(b) shows the
plane normal to the bifurcation plane and the intersection of the axial velocity profile with this
plane.
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(a) oo (b} 000

Figure 9. Three-dimensional surface plots of axial velocity profiles at aa’ showing orientation of bifurcation
plane and the plane normal to the bifurcation plane. Intersection of velocity profile with (a) bifurcation
plane and (b) plane normal to bifurcation plane.

3.1. Mesh convergence of the primary flow

The mesh refinement study for the primary flow is accomplished employing the changes in the skin
friction coefficient, mass flow distribution, and axial velocity profiles between meshes as metrics.

3.1.1. Skin friction coefficient near bifurcation. The sensitivity of the solution to the mesh can
be demonstrated by observing changes in the skin friction coefficient as the mesh is refined. The
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non-dimensional skin friction coefficient ¢; can be defined in terms of the wall shear stress 7y, as

2Ty

2
p ref Uref

(7

cf=

As cr is dependent on wall shear stress (which is a function of velocity derivatives), it is quite
sensitive to mesh spacing. Skin friction data were extracted along the intersection of a plane with
the tube surface in the carinal regions of each of the second-generation bifurcations to ascertain
if the solution is independent of the mesh in these regions. These curves are indicated by the
thickened lines and the numbers 1 and 2 in Figure 8. The skin friction coefficient plots for the
planar and non-planar models are shown in Figures 10 and 11, respectively. In Figures 10(a), (c)
and 11(a), (c), the differences in cf between the refinements are not visible. Detailed views of
selected intervals are shown in Figures 10(b), (d) and 11(b), (d) for better clarity. The detailed
plots show that the differences decrease as the mesh is refined. This suggests that the solution is
approaching mesh independence. It should be noted that there are still small differences between
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Figure 11. Distribution of skin friction coefficient ¢ for the non-planar three-generation bronchial tube

model: (a) segment 1; (b) segment 1 (detail); (c) segment 2; and (d) segment 2 (detail).

the computed skin friction distributions for refinements 2 and 3, but they are less than 1% of the
average skin friction value for both the planar and non-planar three-generation models.

3.1.2. Mass flow distribution. The mass flow rates entering the branches for each of the four
meshes for the planar and non-planar models were plotted to demonstrate mesh convergence of
the primary flow. Figures 12 and 13 show the mass flow rate at locations aa’, bb’, cc’, and dd’
in the planar model (see Figure 8) for each refinement. Similarly, Figures 14 and 15 show the
variation in mass flow with refinement in equivalent locations in the non-planar model. In these
plots, refinement O corresponds to the baseline mesh. It should be noted that the y-axis scales vary
significantly from plot to plot.

Convergence of the mass flow rate is observed in the planar and non-planar configurations in
Figures 12 and 15. Slightly larger differences between refinements 2 and 3 were found at location
dd'’ as shown in Figure 13(b) for the planar case and at location bb’, as shown in Figure 14(b), for
the non-planar case. However, the mass flow differences between refinements 2 and 3 were found to
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Figure 13. Variation of mass flow in third generation of planar model.
At locations (a) cc” and (b) dd’.

be less than 0.2% of the local average mass flow in each tube. This implies that mesh-independent
solutions have been achieved for refinements 2 and 3 in terms of mass flow in each tube for both
the planar and non-planar models.

3.1.3. Velocity profiles. Velocity profiles at different sections in the planar and non-planar airway
models are shown in Figures 16-19. The velocity magnitude was extracted along a segment in the
bifurcation plane for each of the cross-sections aa’, bb’, cc’, and dd’ (see Figure 8). The velocity
was plotted as a function of distance along the segment. The distance was measured from the
outside of the curve to the inside of the curve. It is evident from the velocity distribution plots
that the differences become smaller as the mesh is refined. The differences between refinements
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Figure 15. Variation of mass flow in third generation of non-planar model.
At locations (a) cc’ and (b) dd’.

2 and 3 were found to be less than 1% of the local mean velocity. This suggests that the mesh-
independent solution for primary flow has been achieved for refinement 2 mesh in both the planar
and non-planar models.

Based on the skin friction coefficient distribution plots, mass flow distribution plots and velocity
profiles, the primary flow on the meshes denoted as refinements 2 and 3 can be considered to be
mesh independent for both the planar and non-planar configurations.

3.2. Effects of non-planarity on the primary flow
In this section, we compare primary flows computed for the planar and non-planar bronchial tube
models. As the primary flow was shown to be mesh converged for refinement 2 in the previous
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Figure 17. Velocity distribution in bifurcation plane at b’ (a) planar model and (b) non-planar model.

section, we utilize refinement 2 solutions for the planar and non-planar models in order to evaluate
the combined effects of asymmetry and non-planarity on the primary flow.

3.2.1. Mass flow distribution. The mass flow fractions entering each tube for the planar and non-
planar models are shown in Figure 20. The axial velocity profiles at various cross-sections for both
the planar and non-planar models are also shown in Figure 20. In each case, the velocity profile
is skewed toward the outside of the curve due to inertial effects. An unequal distribution of the
flow is observed at the first bifurcation because of the asymmetry of the models. There is a slight
difference in the flow distribution and flow profiles between the second-generation branching tubes
of the planar and non-planar models. However, the differences are approximately 0.5% of the mass
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Figure 19. Velocity distribution in bifurcation plane at dd’: (a) planar model and (b) non-planar model.

flow entering into the parent tube. This suggests minimal impact of non-planarity on the upstream
flow.

In the planar case, where the second- and third-generation branching tubes are in the same
plane and the velocity profiles are already skewed toward the medial branch, more flow will tend
to go into the medial branching tubes. However, the medial branches are smaller in diameter
than the lateral branches, resulting in almost equal flow partition in the third-generation tubes. In
contrast, for the non-planar case, an imbalanced flow partition is observed because more flow goes
into the larger tubes in the third-generation branches. These results can be contrasted to results
from simulations of symmetric non-planar models that show a more balanced flow partitioning in
the non-planar case than in the planar case [20] and demonstrate the importance of considering
asymmetric branching in the geometric description.
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3.2.2. Velocity distribution. Velocity profiles for planar and non-planar cases are shown in
Figures 21 and 22. We consider the sections passing through the center of the cross-section in
the plane of the bifurcation as well as the plane normal to the bifurcation. The velocity profiles
were plotted as a function of the distance from the edge of the tube. The distances are referenced
relative to the diameter of the parent tube (unity).

The velocity profiles in the planar and non-planar cases are very similar as seen in Figures
21(a)—(d) and suggested by the mass flow partition discussed in the previous section. Again,
this suggests that the non-planarity has little impact on the upstream flow. In the sections in the
bifurcation plane, the velocity profiles are skewed toward the outside of the turn due to the effects
of the turn as shown in Figures 21(a) and (c). In the plots where the sections are perpendicular to
the bifurcation plane, the velocity profiles are deformed due to the presence of the secondary flows
and generate the ‘M-shaped’ velocity profiles seen in Figures 21(b) and (d). This effect can also
be seen clearly in Figure 9. These observations are in qualitative agreement with the experimental
study by Schroter and Sudlow [7].

We now consider sections in the bifurcation plane in the third generation. Significant differences
between the velocity profiles for the planar and non-planar models are observed at various sections
as shown in Figures 22(a)—(d). This result illustrates the considerable impact of the non-planarity on
the local velocity profiles. As observed previously, in the largest granddaughter tube (at cc’), higher
velocities were found in the non-planar case (Figure 22(a)), whereas in the smallest granddaughter
tube (at dd’), higher velocities were found in the planar case as shown in Figure 22(c). As the
planar geometry is symmetric to the plane of bifurcation, this symmetry is evident in the velocity
profiles for the planar model at the sections perpendicular to the bifurcation plane as shown in
Figures 22(b) and (d). The same cannot be said about the non-planar model, as the symmetry with
respect to the bifurcation plane is lost. The velocity profile in the normal section is not deformed
(see Figure 22(d)) because the segment passes through the center of the tube and does not cross
any of the vortices.
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Figure 21. Comparison of the velocity distribution in second-generation branches of the planar and
non-planar models: (a) in the bifurcation plane at aa’; (b) in the plane normal to the bifurcation at aa’;
(c) in the bifurcation plane at bb’; and (d) in the plane normal to the bifurcation at bb'.

3.3. Mesh convergence of the secondary flow

The results from Section 3.1 only give an indirect indication of the mesh convergence of the
secondary flows in a planar model. As we want to resolve secondary flow fields in the bronchial
tube, we would like to measure the convergence of these vortex-dominated flows more directly. In
this section, we analyze the effects of mesh refinement while concentrating on the secondary flow
fields.

The location of a vortex core is one of the important physical attributes of a vortex. Therefore, we
have chosen the difference in vortex core position between refinements as a metric to assess mesh
independence of the secondary flow. The vortex core position was estimated using the automated
vortex characterization software described by Jankun-Kelly et al. [28]. This software provides a
sub-cell estimate of the vortex core position. The vortex corelines were extracted for the planar
and non-planar three-generation bronchial tube models and are shown in Figures 23(a) and (b),
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Figure 22. Comparison of the velocity distribution in third-generation branches of the planar and non-planar
models: (a) in the bifurcation plane at cc’; (b) in the plane normal to the bifurcation at c¢c’; (c) in the
bifurcation plane at dd’; and (d) in the plane normal to the bifurcation at dd’.

respectively. The corelines are colored by the direction of rotation of the vortices. Here, green-
colored vortices are rotating in the clockwise direction with respect to the primary flow whereas
purple-colored vortices are rotating in the counter-clockwise direction.

To view the vortex patterns in each cross-section, the cross-flow velocity vectors were plotted
on the cutting plane, which was shaded by total velocity magnitude. Only every third vector was
plotted for clarity. In these images, we have explicitly indicated the orientations of the bifurcation
plane (BB’) and the plane normal to the bifurcation plane (NN'). We first consider the counter-
rotating vortex pair in the daughter tubes after the first bifurcation as seen in Figures 24(a) and (b)
at cross-sections aa’ and bb’ in Figure 8, respectively. Figures 25(a) and (b) show the core locations
as a function of the number of mesh refinements for the planar and non-planar models. The baseline
mesh is again designated as refinement O in the plots. The vortex location is expressed in terms of
the distance from the center of the cross-section to the estimated vortex core position. The error

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2008)
DOI: 10.1002/fid



EFFECTS OF NON-PLANARITY AND ASYMMETRY ON BRONCHIAL FLOWS

44y
,/ l‘.‘_‘-\ -~ I|
(a) .

b

Figure 23. Vortex corelines colored by their rotation with respect to the axial velocity (green—clockwise
and purple—counter-clockwise): (a) planar model and (b) non-planar model.

{a)

Figure 24. Vortex pair in second generation (cross-flow velocity vectors on a cutting plane colored by
velocity magnitude): vortices in cross-sections (a) aa’ and (b) bb’.

bars in each plot represent the diagonal of an element in a local uniform grid employed by the
vortex detection software to estimate the position of the vortex core inside of the cell and provide
a measure of the uncertainty in the estimated vortex position.

As can be seen in Figures 25(a), 26(a) and (b) there are only nominal differences between the
left and right vortex core locations for the solutions computed after two refinements and three
refinements. Further, these differences are within the corresponding error bounds. This is not the
case in the larger daughter tube of the non-planar model as shown in Figure 25(b). However, the
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Figure 26. Variation of vortex positions in cross-section bb’ (local edge length=0.011):
(a) planar model and (b) non-planar model.

changes in the vortex core positions are less than the local edge length in the mesh for refinement 3
(0.015), again suggesting that we are approaching a mesh-independent solution for both the planar
and non-planar cases. It should be noted that, within each cross-section, the left and right vortices
are located at nearly the same position. This is because both the planar and non-planar models are
symmetric in the second generation with respect to the bifurcation plane.

We now consider cross-sections in the third generation for the planar and non-planar cases at
section cc’ (see Figure 8). The symmetric vortex pattern for the planar model is seen in Figure 27(a),
whereas the asymmetric vortex pattern is seen in Figure 28 for the non-planar model. The plots of
vortex positions as a function of refinement are shown in Figure 27(b) for the planar case. Because
the vortices here are symmetric, the distances for both the left and right vortex cores are nearly
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Figure 27. Mesh convergence of secondary flows in cross-section c¢’—planar model: (a) vortices in
cross-section cc¢’ (cross-flow velocity vectors on a cutting plane colored by velocity magnitude) and
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Figure 28. Vortices in cross-section cc’ (cross-flow velocity vectors on a cutting plane colored
by velocity magnitude)—non-planar model.

the same. As the vortex core distance in the non-planar case varies considerably for the left and
right vortices, the vortex positions were plotted in separate figures. Figures 29(a) and (b) show
the variation of the vortex core locations as a function of the refinement. For both the planar and
non-planar models, the plots show convergence of the vortex core positions at refinement 2 based
on the local edge lengths at cross-section cc’.

The vortex patterns and vortex position plots in the smallest granddaughter tube for the planar
and non-planar models are shown in Figures 30-32. Two symmetric vortex pairs are observed in
Figure 30 for the planar model. The asymmetry in the non-planar vortex pattern is again evident
from Figure 32(a). Convergence of the estimated vortex core positions with mesh refinement for the
planar and non-planar models is demonstrated in Figures 31(a) and (b) and 32(b). The symmetry
of the vortices in the planar model is evident from the vortex position plots. Figures 31(a) and (b)
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Figure 29. Mesh convergence of secondary flows in cross-section cc’ (local edge length=0.01)—non-planar
model: variation of (a) left vortex position and (b) right vortex position.

Figure 30. Vortices in cross-section dd’ (cross-flow velocity vectors on a cutting plane colored by
velocity magnitude)—planar model.

illustrate that changes in the vortex core positions between refinements 2 and 3 are within the
local cell size (0.007). Hence, it can be concluded that the vortex core positions are converged
for refinement 2 in cross-section dd’ for the planar model. The same can be concluded from
Figure 32(b) for the vortices in the cross-section dd’ for the non-planar model. This indicates that
the secondary flows have become mesh independent for refinement 2 in the smallest granddaughter
tube for both the planar and non-planar models.

3.4. Effects of non-planarity on the secondary flows
In this section we compare the results from simulation of the secondary flows in the planar and
non-planar asymmetric bronchial tube models. As the secondary flows were shown to be converged
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Figure 32. Mesh convergence of secondary flows in the cross-section dd’—non-planar model: (a) vortices
in cross-section dd’ (cross-flow velocity vectors on a cutting plane colored by velocity magnitude) and
(b) variation of vortex position (local edge length=0.007).

for refinement 2 in the previous section, we use refinement 2 solutions of the planar and non-planar
models in order to evaluate the effects of non-planarity on the secondary flows.

The vortex corelines in the planar and non-planar models are shown in Figure 23. We consider
the planar case first. After the first bifurcation, a vortex pair is generated in both the larger and
the smaller daughter tubes. The velocity profile entering the medial branch of the larger daughter
branch is skewed toward the inside of the turn, resulting in a low-momentum region at the wall
on the outside of the turn as shown in Figure 20(a). A vortex pair is generated due to this low
momentum at the wall outside of the turn. Also, a vortex pair is generated at the inside wall of the
turn. The four resulting vortices are seen in the medial branch in Figure 30. The same is not true
for the lateral branches due to the low-momentum region at the inside of the turn; only a single
vortex pair is generated in the lateral branches as seen in Figure 27(a).
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We now consider the vortices in the non-planar airway model. As seen in Figure 23(b), the
vortices generated after the first bifurcation have a significant effect on the vortices generated after
the second bifurcation. Let us focus on the third-generation branching off the larger daughter tube
first. It is clearly seen from the figure that the vortex from the larger daughter tube continues into
the third-generation larger tube. The newly generated vortex pair is overpowered by the previously
existing vortices and only a single vortex pair exists in the largest granddaughter tube as shown in
Figure 28. In the smaller granddaughter off the smaller daughter tube, three distinct vortices are
seen in Figure 32(a). A vortex pair is generated here due to the turning of the flow. The secondary
flows in the asymmetric non-planar model are quite complex in comparison with the secondary
flows in the symmetric non-planar models described in the literature [18, 20]. In the symmetric
non-planar three-generation case, the vortices in the second-generation daughter tubes split and
each goes into a separate daughter tube in the third generation.

4. CONCLUSIONS

An in-depth study of steady-state laminar inspiratory flows in planar and non-planar, three-
generation asymmetric airway models was performed. Comparisons of the primary and secondary
flows for the planar and non-planar geometries were made in order to understand the combined
effects of asymmetry and non-planarity. A mesh refinement study was performed to assure that
the solutions were mesh independent. The following conclusions can be drawn from the numerical
results:

1. The vortical flow patterns in the third-generation branches were significantly different in the
planar and non-planar configurations. As the planar model is symmetric with respect to
the bifurcation plane, the vortices produced symmetric patterns. This symmetry was lost in
the non-planar model and asymmetric vortex patterns were observed. The secondary flows
become quite complex when both non-planarity and asymmetry are included in the bronchial
tube models.

2. The mass flow distribution in the third-generation branches were the most affected by non-
planarity. An imbalanced flow distribution was observed in the non-planar case in contrast to
the planar case. The velocity profiles at equivalent sections were quite different in the planar
and non-planar cases. The effect of non-planarity was shown to be minimal on the upstream
primary flows.

3. Mesh-independent solutions were obtained for primary as well as secondary flows after
the second refinement in planar and non-planar three-generation airway models. The vortex
position was used as a metric to demonstrate mesh independence for the secondary flows.
The vortex core locations in the third-generation branches were not found to be within the
sub-cell error bound. However, the vortex positions were within the local edge lengths in
refinements 2 and 3 demonstrating mesh independence of the solution on these meshes.
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