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1 Introduction

The walls of the bronchial tree are covered by a very thin layer
of a water-like serous fluid, the periciliary liquid (PCL), on top of
which lies a thin layer of mucus which is a non-Newtonian fluid
exhibiting shear thinning as well as strong elastic properties. The
constant motion of this mucus layer carries trapped particular mat-
ter which are eventually expelled into the esophagus. This mecha-
nism, called the mucociliary escalator, is one of the main
mechanisms by which the lungs continuously clear themselves of
inhaled particles. The mucus motion is induced by the coordinated
beating of cilia embedded in the PCL. During an effective stroke
of a cilium, its tip slightly penetrates the overlying mucus layer
and propels it, possibly together with the circulating PCL under-
neath. The slight phase shift between each cilium and its neigh-
bors generates back-propagating waves (with respect to the mucus
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of the clearance mechanism is proposed. Lubrication theory is applied for thin films with
both surface tension effects and a moving wall boundary. The flow field is computed by
the use of a finite-volume scheme on an unstructured grid that replicates a bronchial
bifurcation. The carina in bronchial bifurcations is of special interest because it is a loca-
tion of increased deposition of inhaled particles. In this study, the mucus flow is computed
for different values of the surface tension. It is found that a minimal surface tension is
necessary for efficiently removing the mucus while maintaining the mucus film thickness
at physiological levels. [DOI: 10.1115/1.4034507]

motion) called metachronal waves. The standard frequency of the
cilium oscillation has been measured at approximately 20 Hz in
the upper respiratory tract of human subjects [1]. From animal
studies, it was found that the oscillation frequency drops moving
down the respiratory tree [2]. in vitro, cilia have been measured to
beat at 12—15 Hz at body temperature [3].

The aim of this article is twofold: first, to present a macroscopic
model of mucociliary transport in which the cilia motion is sum-
marized as a wall boundary condition for the mucus transport, sec-
ond, to use this model to investigate the mucus flow in the
complicated geometry of a carina, for various values of the fluid
properties. Only steady state is considered. Ciliary forcing is time-
averaged and modeled as a prescribed wall velocity in a two-
layered film. Circulating mucus (the top layer) is treated as a
Newtonian fluid, which is valid in steady-state flow for a Maxwell
fluid [4]. The bottom layer consists of a transitional fluid that sep-
arates the PCL from the more viscous mucus layer on the top and
is modeled as a less viscous Newtonian fluid. Airflow interactions
are not considered in the model. Generally, their role in mucocili-
ary clearance under normal physiological conditions with no
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coughing is considered small [5,6]. Furthermore, airflow speed is
very low in the section of the tree that is modeled in this work.
Gravity is neglected in the model based on the fact that the Bond
number—the force of gravity relative to that of surface tension—
is very small in the section of the lung considered in our study.
The governing equations are derived from fluid mechanics first
principles and dimensional analysis. They are solved numerically
with the finite-volume method on a three-dimensional manifold,
modeled as an unstructured triangular surface grid. A computer-
aided drawing (CAD) model of a symmetric bifurcation is created
and meshed, and the mucus flow field is solved for on that mesh.

The motivation for this work lies in the fact that so little is
known about the nature of mucus flow in bronchial bifurcations.
These loci are favored sites for increased deposition of particles
by impaction [7,8] and are potential sites for the development of
cancer [9]. Simultaneously, they are also saddle points of the
geometry which may theoretically be the stagnation points of the
mucus flow, hence sites of less efficient clearance. It is therefore
important to determine whether these regions are characterized by
a slower than average flow, and how the mucus properties affect
its flow. This work aims at examining the driving forces govern-
ing the mucus flow field pattern in these regions.

2 A Brief Overview of the Previous Work

Most studies on mucociliary clearance involve microscopic mod-
eling of ciliary beating and mucus flow. An early overview of the
experimental and theoretical work on the topic can be found in Ref.
[10], while a more recent overview of the existing models can be
found in Ref. [11]. Discrete ciliary beating models were developed
early on [12—-14] to study the flow field induced by a beating cilium.
Sanderson and Sleigh [15] also included the effect of penetration of
the tip of the cilium into viscous mucus on the beating pattern.
These models allowed a first assessment of the nature and amount
of the propulsive forces generated by the beating cilia and opened
the way for the development of mucociliary clearance models.

A class of models of the clearance mechanism consists of so-
called “traction layer” models, whereby ciliary forcing takes the
form of a volume force continuous in space. This type of model-
ing was first introduced by Keller [16] for the study of ciliated
organisms, and later applied by Blake and Winet to mucociliary
clearance [17] who developed a steady-state time-averaged model
where mucus and the PCL layer are described as Newtonian flu-
ids. More recently, Smith et al. [18] proposed an unsteady traction
layer model with three layers, the mucus being described as a
Maxwell fluid bilayer. A propulsive volume force was imple-
mented for the bottom mucus layer and a resistive volume force
for the PCL layer, whereby PCL flow was likened to a flow
through a porous medium. In this model, forcing varies sinusoi-
dally and originates from the ciliary tips penetrating the mucus
layer while the PCL layer plays a resistive role. A model that did
not implement the traction layer approach was that by Ross [19]
who considered the viscoelastic properties of mucus but modeled
the mucus—PCL interface as an impermeable wavy surface. Spe-
cifically, Ross used a nonlinear, time periodic Lagrangian wall
particle (ciliary tip) model that resulted in a steady Eulerian com-
ponent of wall velocity. Liron and Rozenson [20] modeled ciliary
forcing as a series of propulsive impulses by the ciliary tips in the
form of Delta functions, but did not consider the PCL layer.
Recently, Mitran presented an extremely sophisticated submicro-
scopic finite-element model [21], where the cilia were modeled as
deforming solid structures interacting with the surrounding fluid.
The same author also presented a work on modeling mucins at a
molecular level in order to derive the macroscopic rheological
properties of mucus in the respiratory tree [22].

One of the few systemic models of mucociliary clearance was
developed by Lee et al. [23]. It is a one-dimensional model
intended to compute the clearance of particles from the bronchial
tree. More recent attempts to systemically model the mucociliary
clearance followed a stochastic approach [24,25]. A recent
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attempt [26] modeled mucus flow in bronchial bifurcations as
Newtonian pipe flow through the space bounded by concentric
cylinders. The authors concluded that the bifurcation regions con-
tain areas of reduced clearance.

Our work marks the first attempt to model the mucus film free
surface flow on a 3D manifold representing part of the bronchial
tree, and the macroscopic approach that is followed can allow for
systemic modeling in the future.

3 Methodology

3.1 Governing Equations. We consider a three-dimensional
flow on a flat surface, composed of two thin layers of fluid with
different viscosities. The top layer is thicker and more viscous,
while the bottom layer, very thin and less viscous, represents the
region of the mucus film where the ciliary tips penetrate. With
respect to surface tension the two layers are treated as one fluid,
so only the air-mucus interface is responsible for surface tension
induced pressure gradients. The characteristic substrate length
scale, L, is orders of magnitude larger than the characteristic film
thickness, 4, i.e., e = (h/L) < 1. Lubrication theory is invoked
[27], and the flow is governed by the Stokes equations

Pu  Op B

Fu_op_, v op
Moz " ox

and u 22 " by 0 D
where a local coordinate system has been fitted so that the x—y
plane is the plane of the flat surface, and u and v are the velocity
components along that plane. The second derivatives (8% /0x?) and
(0%/9y*) have been dropped in accordance to the lubrication
theory, and so has the vertical velocity w < u,v. Two-
dimensionless numbers characterize the flow: the Capillary num-
ber, Ca = (ulU,/7), and the Bond number, Bo = h%pg/y, where u
is the fluid viscosity, p is the fluid density, y is the surface tension
coefficient entering Laplace’s law (see Eq. (4) below), g is the
acceleration of gravity, and Uy, is the typical flow speed. Gravity is
neglected in our study because the Bond number is of order 10~ at
the location of the bronchial tree that is considered. Figure 1 sche-
matically shows the geometry, where the local coordinate system
is such that the flow is parallel to the x—y plane, with components
u, and v, for the bottom layer and u,, and v, for the top layer.

The Stokes equations can be integrated to find the flow field in
the two layers. The first round of integration is applied to the top
layer in order to apply a zero-stress boundary condition at the
air-mucus interface. This allows for the calculation of the shear
stress at the interface between the two layers. Then, the bottom
layer is integrated once, whereby the integration constant is com-
puted from a force balance at the interface between the two layers.
It is integrated again and, by applying a no-slip condition at the
wall, the flow field for the bottom layer is resolved. Then, the top
layer is integrated again, and the integration constant is computed
by applying a no-slip boundary condition at the interface. The
flow field at the top layer has now been resolved.

Fig. 1

Geometry of 3D two-layered flow on a flat plate
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For the bottom layer (0 < z < d,), the flow field is given by

1 Bp { }
Uy (X7y7 Z) = “ a ) (do + dm) + Uy 2)
and
10p|z { }
Vo(X,¥,2) = —— |=— (d, +dp)z| + vy 3)
(5:3:2) Ho Oy 12 ( )

where u,(x,y) and v, (x,y) are the prescribed wall velocity com-
ponents, and f, is the viscosity of the bottom layer. d, and
dyn(x,y) are the thicknesses of the bottom and top layer, respec-
tively. The model assumes a constant thickness of the bottom
layer, based on the experimental findings that show that the transi-
tion from the PCL to the mucus layers is sharply demarcated with
little variation in thickness under physiological conditions [28].
Due to surface tension, a pressure jump occurs across the
air-mucus interface. Setting the air pressure as the reference, the
pressure p in the film is given by the Young—Laplace equation

p(x,y) = =2y H(x,y) )

where H(x, y) is the mean curvature of the free surface
2H = -V -n o)

This curvature is an invariant (independent of reference frame). 7
is the surface normal, and the convention is followed whereby it is
positive when the mucus forms a convex free surface. From now
on, by curvature we will refer to the mean curvature unless speci-
fied otherwise. The free surface curvature is computed numeri-
cally in the model.

For the top layer (d, < z < d, + d), the flow field is

Mnl(an7Z)

(6)
and

Vin (X,,2)
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where p, is the viscosity of the top layer. The boundary condi-
tions imposed when solving the Stokes equations are no slip at the
bottom with a prescribed wall velocity, no slip at the interface
between the two layers, zero shear on the free surface with a pres-
sure jump due to surface tension, and force balance at the inter-
face between the two layers.

The model proposed here merges the layers into one single
compound layer. We can define for this compound layer the aver-
age velocity components, # and v

1 d, dy+dy,
ux,y) = T d L u, dz+ Jd Uy, dz 8)
1 d, dy+dy,
V(x,y) = J vodz + J Vdz )
() dy+dn \ Jo d,
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Carrying out the integration over the entire thickness yields
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where i and v are the depth-averaged horizontal velocity compo-
nents. These quantities are functions of x and y since p, d,,, u,,
and v,, are all functions of x and y. The continuity equation writes

ou Ov Ow
wtayta " (12)

Integrating over the entire film thickness, d,(= d, + d,,), gives

LY PP
ox Ou : u::d, ox

Q% ad,

_ ) — = 1
+(9yJ0 vdz—v|_; = By +w|., =0 (13)

where Leibniz’s rule is used to take the derivative out of the inte-
gral of u and v, respectively. The vanishing flow normal to the
free surface produces the following kinematic boundary condition

6d od, od,
W|z: A | z=d, a | z=d, a =0 (14)
The continuity equation then becomes
od, | d(dt)  O(dv) _0 (15)
ot ox Jdy
which can be rewritten in vector form as
ad
FI'JFVH (di) =0 (16)

where Vy; = (0/0x)i 4 (8/dy)j is the horizontal gradient opera-
tor, and @ = il + \7f is the horizontal average velocity vector.
From now on, the mucus flow field and the flow speed refer to the
depth (thickness)-averaged velocity and its magnitude, respec-
tively (see Sec. 4). Equations (10), (11), and (16) form a system of
three equations in three unknowns, i, v, and d,,,.

3.2 Solution Methodology. The governing equations are
solved numerically by implementing the finite-volume method.
The geometric domain is broken up into piecewise flat areas (vol-
umes), each of which we assume to have a constant mucus film
thickness and on which flow is horizontally uniform. As will be
detailed below, the curvature of the free surface is computed at the
centroid of each flat triangular element from the film thickness at
the centroids of neighboring triangles. Since the film thickness is
very small compared to the physical domain, the curvature of the
domain governs the free surface curvature. The two flow velocity
Egs. (10) and (11) can be written in the following vector form:

— 1 dm 1 o Hom 2
=-Vp|— d; +~—"dyd, d
new (um dn +do (2 w0, TR

L1 d (@ dd,
tydm +d, \ 3 2

)> +uw,=-B Vp+u, (17)
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where u,, is the wall velocity vector, and B corresponds to the
algebraic expression in big parentheses. Integrating Eq. (17) over
surface A of uniform film thickness and wall velocity (hence con-
stant B), and applying the divergence theorem gives that area-
average velocity

u

1
—foi; p dS +u, (18)
A Joa

where 0A stands for the boundary of A. The discretized version of
this equation writes

1

3
U= =B ;pfljnj + g, (19)

where u; and u;, are the average flow and wall velocities of ele-
ment i, respectively, in the triangular area A, p; is the pressure at
side j of length /;, and n; is the outward normal. Integrating the
average velocity continuity Eq. (16) over an area A with boundary
0A, and applying the divergence theorem gives

% +%£Ad,ﬁ -dS=0 (20)
which becomes after discretization

Adp 1

~ +Xijzzld,,uwuj1j =0 @1

where d;,,u;l; is the upwind flux of thickness d; ,, through side ;.
By picking an appropriate time step, A¢, the mucus film thickness
is updated as follows:

1 3
Ad;wrl _ Ad:’ — At;z druwitjl; 22
=1

where the superscript n indicates the n-th step. While upwinding
is implemented for the film thickness, the fluxes at the edges are
computed by interpolation.

plane of
bifurcation
I 4 3
Réilet/Ddaugnter=0.1
guiding
rails for
extrusion

Fig.2 Construction of a CAD model of a symmetric bifurcation
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The solution scheme involves computing the flow field using an
initial value for the film thickness d,, then, updating this thickness
from the flow field and the continuity equation. The process is
repeated until a steady state is achieved. Every time the film thick-
ness is updated, the free surface curvature has to be recomputed.
Both the new film thickness and the new curvature enter the
momentum equations when the flow field is updated. The value of
the time step, Az, is classically governed by the Courant—
Friedrichs—Lewy (CFL) condition. However, the momentum
equations are nonlinear in the film thickness, both in the computa-
tion of the free surface curvature and in the algebraic form of B in
Eq (17). It was empirically found that Az has to be smaller than
the value allowed by the CFL condition.

The elements are taken to be orthogonal parallelepipeds and not
trapezoidal wedges in profile. This incurs some numerical error in
the film thickness estimation, which is relatively small compared
to the inaccuracy of the numerical scheme implemented, and
which becomes smaller with grid refinement.

3.3 Mass Conservation. The finite-volume method conserves
mass locally, since at each iteration (time step) the film thickness
of each element is adjusted based on the net influx of mass in that
element. Simple inflow and outflow boundary conditions are
imposed, and the film thickness at boundary cells is adjusted
accordingly, and the mass is conserved globally. In the code that
we have developed, we check that the mass is conserved through-
out the computational domain at each iteration.

3.4 Geometric Model. The flow of mucus in a typical fifth
generation bronchial bifurcation of an adult male is studied. To
that end, a CAD model of a symmetric bifurcation is created, see
Fig. 2, in accordance to Weibel’s “A” symmetric model [29]. The
branching angle between the daughter bronchi is 60 deg. The par-
ent and one daughter bronchus are created as straight cylindrical
segments. We employ the diameter, D,, dependency on airway
generation, n, as D, = Dy X 2-1/3 [30], where Dy is the tracheal
diameter. In our example, Dy=2.5cm, and the parent tube is
n =25 while the daughters are (n + 1)=6. One then morphs into the
other trough “guiding rails,”, which are splines constructed to
avoid the sharp transitions/corners in the final model. The result-
ing volume is mirrored to itself on the sagittal plane, to produce a
perfectly symmetric bifurcation. A fillet with the desired radius is
then fitted in place of the edge that the two halves share. The final
model is devoid of any sharp corners.

The most important geometric parameter of the model is the
curvature ratio, that is, the minimum curvature radius at the center
of the carina divided by the daughter branch diameter. As seen in
the figure, it is given the value of 0.1, which is the average value
based on anatomical findings [31]. In the geometric model, the
diameter of the daughter bronchi is 7 mm, that of the parent bron-
chus is 8.82 mm, and the spur curvature radius in the plane of the
bifurcation is 0.7 mm.

An unstructured triangular grid of the bifurcation is constructed.
The free surface curvature is computed at the centroid of each tri-
angle and is based on the location of the free surface in the three
neighboring triangles. The methodology followed is similar to
that described by Garimella and Swartz [32]. His method involved
fitting a quadric of the form z = ax? 4 bxy -+ cy?, where x, y, and
z are the local coordinates of the free surface at the centroid of
neighboring triangles, with the origin placed at the location of the
free surface at the centroid of the central triangle. We find that the
quadric fitted does not provide enough accuracy for our purposes.
To achieve higher accuracy in curvature estimation we fit a
fourth-order polynomial of the form z = a;x* + ayy+ azx?y* +
asxy’ + asy' + aex’ + a7xy 4 agxy? 4 agy® + ajox* + anxy +
a;ny? +apx + agy + ajs. Many neighboring points are used for
fitting the curve. When the number of points exceeds the number
of constants, a least squares approach is followed. The mean
curvature is computed analytically from the formula
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Fig. 3 Assigned wall velocity field showing the ridge region.
Note: The vectors all have the same magnitude corresponding
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The curvature in the dividing spur region is strongly negative
while it is positive elsewhere. The gradient in curvature causes a
gradient in surface tension induced pressure.

The polynomial-fitting procedure outlined is performed at each
time step/iteration for each element. That is, the curvature at the
centroid of each element is computed at each time step, since the
film thickness changes with each iteration.

A wall velocity field is proposed to model the direction and
magnitude of ciliary forcing. The direction of the wall velocity
vector in each planar element is set by projecting the unit vector
tangent to the centerline onto this element (inset in Fig. 3). The
wall velocity magnitude is set equal to 40 pum/s in the entire
domain, a value consistent with experimental findings [33,34]. In
fact, the value used in our model might be a slight overestimate
according to the recent stochastic models which assign a smaller
value to mucus flow speed in a fifth generation bifurcation [35].
Note that the lower mucus flow speed allows for surface tension
to have a more pronounced effect. The resulting wall velocity field
in the ridge region is also depicted in Fig. 3. In the absence of any
precise knowledge of the cilia motion in the region of the carina,
this type of velocity field is the simplest and strongest assumption.

(S

(23)

v

6 mm

Fig. 4 Streamlines of the prescribed wall velocity field at the
ridge. The zoomed region is a rectangle following the bifurca-
tion wall, centered across the ridge, of curvilinear length and
with 6 mm and 4 mm, respectively. The carina is the center of
the rectangle.

Journal of Biomechanical Engineering

The influence of the underlying cilia forcing on the resulting
mucus velocity field will be the subject of future studies.

While the prescribed wall velocity is symmetric analytically
with respect to the plane of the bifurcation and the sagittal plane,
the grid is unstructured triangular and is not perfectly symmetric.
As such, the streamlines at the ridge in Fig. 3 are not perfectly
straight. Artifacts from the plotting software used (MATLAB) may
also affect the appearance of the streamlines in the figure. The
effect that these unwanted asymmetries may have is not important
in our opinion, since perfect symmetry is a rare find in nature
herself.

Figure 4 shows the streamlines of the prescribed wall velocity
field in the region of the carina. It can be seen that flow converges
to the centerline of the ridge from both sides comprising the inner
walls of the daughter bronchi, and the mucus is drained toward
the anterior and posterior walls of the parent bronchus along the
ridge.

The inflow and outflow boundary conditions at each extremity
of the bifurcation are the following: a zero pressure gradient in the
axial direction is set at the outflow, while the upstream total
mucus film thickness at the inflows is set to 7 um, which is within
the physiologically observed values [36]. The bottom layer thick-
ness is set to a constant value of 0.5 um, in accordance with the
published observations [36]. Using values that are based on the
rheological studies [10,37], viscosity of bottom and top mucus
film layers are set to 6 and 48 times the viscosity of water, respec-
tively (0.006Pa-s and 0.048 Pa-s). Assigning a fixed value to
respiratory mucus viscosity is based on the time-averaged, steady-
state approach that is followed, since it is actually a non-
Newtonian fluid with shear-thinning properties. The coefficients
of surface tension for our simulations are 0.0024, 0.0048, 0.0096,
and 0.0192N-m™~"'. Physiologic airway surface tensions are repre-
sented by the highest value [10,38,39]. While the lower values are
realized in alveoli [40], for airways they may better reflect the
passage and deposition of surfactant during surfactant replace-
ment therapy [41]. This range serves the purpose of elucidating
the role of surface tension. Finally, surface tension is assumed to
be uniform throughout the bifurcation. We thus neglect here the
possible existence of surface tension gradients induced by the
presence of surfactant pulled from the alveolar region by Maran-
goni effects and ciliary transport [42—44].

4 Results

The simulations were run on a grid comprised of 45,208 ele-
ments. This level of refinement was found adequate for physically
meaningful and computationally accurate results. Finer grids were
tested and the difference between maximum values of mucus film
thickness did not exceed 5%. Figure 5 shows a contour plot of the
pressure distribution in the ridge region. One can observe a strong

(Pa)
20
-
—
5
0

-5

Fig. 5 Contour plot of the pressure along the ridge (the rectan-
gle area is identical to the one delimited in Fig. 4). The sharp
drop over small distances signals a strong pressure gradient
(Ca=107%).
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pressure gradient due to the curvature gradient that directs mucus
away from the ridge.

Figure 6 shows the streamlines of the mucus flow field (under
steady state) in the dividing region for four different values of the
capillary number (Ca = (u,,U, /7)), where the magnitude of the
prescribed wall velocity, 40 um/s, is chosen as the characteristic
velocity, U,. The capillary number is adjusted by changing the
value of surface tension, y. From now on, the mucus flow field
and flow speed are thickness-averaged quantities. One can see in
the figure that surface tension dramatically alters the characteris-
tics of the mucus flow field in the ridge region. Without surface
tension, the flow field and the wall velocity field would coincide,
and the streamlines would be identical to those of Fig. 4. Two
salient features emerge from Fig. 6. First, the flow originated from
each quadrant of a daughter bronchus is diverted toward the ante-
rior and posterior walls of the parent bronchus by the action of
surface tension. Second, the flow field is not symmetric with
respect to the plane of bifurcation, but appears to possess rota-
tional symmetry of order 2 (i.e., invariant by a rotation of 180 deg
about the axis of the parent bronchus). This feature is more pro-
nounced for smaller capillary numbers. Numerous simulations
have been run, with different geometries and various levels of
grid refinement. This symmetry feature has always been present,
which leads to think that this configuration is selected by the sys-
tem as a more stable one.

Figure 7 shows contour plots of flow velocity magnitude in the
ridge region for the same four values of the capillary number. In
addition to rotational symmetry of order 2, another feature is that
for smaller capillary numbers, the flow speeds are larger along the
ridge (stronger surface tension). Weakening the surface tension
has a depressing effect on the flow speeds. For Ca=10~*, which
is the most realistic value used, the flow speed drastically
increases in some areas, reaching about three times the wall veloc-
ity magnitude. Furthermore, there appear to be two diametrically
opposed pathways—similar to ‘“conveyor belts”—that clear
mucus from the saddle point at speeds significantly higher than
the wall velocity magnitude (light colors in the figure). Overall,
the flow speed never drops below half the wall velocity magnitude
anywhere in the domain. This can be compared to the case where
surface tension is the weakest (Ca=28 x 1074), whereby flow
speeds are less than the wall velocity magnitude almost through-
out the entire area of interest. This very low value of the surface
tension is normally not encountered in physiological condition,
but is chosen here to fully investigate the interplay between forc-
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Fig. 6 Streamlines of the mucus flow field at the ridge region
for four different capillary numbers (the rectangle area is identi-
cal to the one delimited in Fig. 4).
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When plotting the film thickness in the entire bifurcation (Fig.
8), one can observe that it is uniform in the straight segments (as
the flow field), except near the bifurcation region, much closer
than a distance of three diameters. This is important because the
length-to-diameter ratio for bronchial segments is L/D = 3, which
is considered standard for mammalian lungs [7], and setting a uni-
form film thickness at the inflows as a boundary condition is, thus,
appropriate. The mucus film is thicker at the outlet by an amount
consistent with global mass conservation.

Figure 9 shows contour plots of the mucus film thickness at the
ridge region for the same aforementioned capillary numbers. For
higher capillary numbers, one can observe a significant thickening
of the mucus film. Mathematically, flow conservation tells us that
this thickening is correlated to the slow flow speeds observed ear-
lier (Fig. 7). Physiologically, surface tension appears to play two
different but correlated roles. It mitigates mucus film thickening
at the ridge and it expedites clearance of mucus from the vicinity
of the saddle point. Surface tension seems to play a vital role in
the creation of a pathway—a conveyor belt of sorts—which clears
mucus rapidly from the ridge region; these pathways are the two
branches seen in Fig. 7. The transport of mucus from the daughter
branches to the ridge region requires the cilia to work against a
pressure gradient. Energy is being pumped into the system and
stored as potential energy due to surface-tension-induced fluid
pressure. Surface tension also modulates the flow dynamics by
creating the conveyor belt mechanism by which mucus is cleared
from the central area at speeds higher than those allowed by cili-
ary beating alone, by directing the release of the energy stored in
the form of potential energy.

5 Discussions

Based on the findings of the model, we conclude that the sur-
face tension speeds up clearance of mucus from the saddle point
vicinity, and prevents excessive accumulation of mucus at the
carinal ridge of bronchial bifurcations. As expected, surface ten-
sion is influential where curvatures are large. When realistic val-
ues for the surface tension coefficient are used, flow speeds can
exceed three times the magnitude of the wall velocity at certain
locations. At the same time, the flow field exhibits a rotational
symmetry of order 2. In this configuration, two diametrically
opposed and slightly spiraling pathways drain mucus from the
saddle point area at very high speeds. This “conveyor belt” mech-
anism is powered by the force of surface tension and potential
energy stored in the free surface. We note, however, that the com-
puted flow patterns are to a certain extent the result of the assump-
tion of a constant wall velocity magnitude. Experimental data
revealing actual flow patterns in this region are highly awaited.
We are also working toward incorporating porosity effects to our
model, in which case the wall velocity will not have a fixed
magnitude.

120 (pm/s)

Ca=10" Ca=2.10"
Ca=4.10" Ca=8.10"

Fig. 7 Contour plots of flow velocity magnitude in the ridge
region (the rectangle area is identical to the one defined in
Fig. 4).
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Fig. 8 Three-dimensional representation of the mucus thick-
ness in the entire bifurcation, for Ca=8x 1074 One can
observe that the thickness stabilizes to a constant value far
from the bifurcations, in all three branches.

The chosen magnitude of the prescribed wall velocity is based
on findings of studies of mucus flow in the first bronchial genera-
tions [35,45]. Mucus flow velocities are lower at smaller bronchi
while the curvature gradient is inversely proportional to the square
of the diameter; the smaller the bronchi the greater the role of sur-
face tension in modulating flow at bifurcations. Furthermore, if
there are discontinuities in the mucus film layer, as may happen
[10], the role of surface tension could be even greater, since in
such regions less viscous underlying fluid would be exposed. Con-
ditions that lead to an increase in mucus viscosity, on the other
hand, such as chronic obstructive pulmonary disease (COPD) and
cystic fibrosis (CF), will compromise the role of surface tension in
clearing mucus from bifurcations. Tipping the force balance
toward the side of viscosity will cause excessive accumulation of
near-stagnating mucus in the carinal ridge. This would expose this
area to bacterial infection as well as prolong the effects of toxins.
Finally, certain substances, namely vaporized PFCs, can signifi-
cantly alter the balance between surface tension and viscous
forces, and may have an effect in mucus clearance in bifurcations.

In terms of the model itself, it is not clear whether it is best to
model the ciliary beating as a prescribed wall velocity or as a

Ca=10* Ca=2.10*

. g

——5

Ca=4.10* Ca=8.10*

Fig. 9 Contour plots comparing film thickness at the ridge
region for four different capillary numbers (the rectangle area is
identical to the one defined in Fig. 4
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volume force that acts on the bottom layer. The latter is the basis
of traction layer models developed in the past [16-18]. We follow
the former approach; the exact mechanics of mucus propulsion
are still not clear and we base our approach on the premise that
PCL fluid circulation generates movement on the overlying mucus
layer. Our approach allows for a straightforward computational
solution, and the validity of our conclusions with respect to the
role of surface tension is not compromised. Furthermore, the film
is modeled as a bilayer, without the need to explicitly take into
account the PCL layer. Both layers comprising the film are taken
to be Newtonian fluids, due to the chosen macroscopic time-
averaged approach. Incorporating visco-elastic effects is, how-
ever, an important next step in the evolution of the model.

In conclusion, a key mechanism is proposed by which mucus
flow in bronchial bifurcations, specifically in the carinal ridge
region, is modulated. Surface tension acts to expedite the clear-
ance of mucus (and trapped debris) from that area, which physio-
logically is an area of increased particle deposition. An
implication is that agents or conditions that affect the strength of
surface tension in the RT may have a profound effect in the ability
of the lungs to clear themselves of inhaled matter or administered
drugs in the form of aerosols.
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