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ABSTRACT

Despite very low Reynolds numbers in the bronchial ducts, acinar flow associated with
wall motion can exhibit irreversibility and chaoticity, two efficient features of convective
mixing contributing to alveolar dispersion. This paper describes a new computational
fluid dynamics (CFD) approach in which an Eulerian continuous scalar field transported by
fluid flow is used as a numerical tracer to quantify convective mixing in an incompressible
flow of non-diffusive fluid. This flow cyclically enters into and exits from an elementary
alveolar model made of a single beating alveolus connected to a deformable bronchiole. A
non-dimensional parameter defined as the residual mass of marked fluid normalized by
the initial alveolar mass of fluid, m,.s, is used to study the efficiency of convective mixing
in different conditions of alveolar ventilation. This parameter is dependent on the
alveolar-to-bronchial flow ratio, Q4/Qp, which reveals that a relative maximum efficiency
for convective mixing is expected to occur in the mid acinar region in quasi-normal
conditions of breathing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Despite very low Reynolds numbers in the lumen of alveolar ducts, acinar flow can exhibit irreversibility in the
alveoli due to the wall motion as first demonstrated by Tsuda et al. (1995) using numerical simulations. Following this work,
several more numerical and experimental studies (Chhabra & Prasad, 2010; Haber et al, 2000; Henry et al., 2002;
Kumar et al., 2009; Tsuda et al., 1999, 2008) have confirmed that the flow in the alveolar region is often kinematically
irreversible and chaotic — more specifically, that a fluid particle entering an alveolus during inhalation would not follow the
same pathway during exhalation. This flow irreversibility can also affect aerosol particles (Darquenne et al., 2009;
Haber et al., 2003; Tsuda et al., 2008) because fine particle transport in the alveoli includes a convective component in
addition to a diffusive component. In this regard it has been shown that particle deposition in alveoli is a function of
residence time (Darquenne et al., 2009) that in turn is influenced by the irreversible flow effects (Chhabra & Prasad, 2010;
Darquenne et al., 2009; Lee & Lee, 2003; Tippe & Tsuda, 2000). However, quantifying the amount of mixing often requires
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computing the trajectories of a large number of particles, large enough to explore the various chaotic evolutions of a fluid
volume initially located in the duct.

This paper describes an alternative computational fluid dynamics (CFD) model of alveolar flow in a single alveolus
connected to a bronchiole duct that uses an Eulerian approach to account for alveolar mixing. Specifically, a fluid material
volume initially in the duct is marked. Through the breathing cycle for one or more breaths the amount of marker that
enters the alveolus is used as a measure of the extent of alveolar flow mixing. This mixing is assumed to correlate with flow
irreversibility and chaoticity initially discovered by previous authors (Tsuda et al., 1999, 2008). The end goal is to use this
measure as the basis of a compact analytical form to quantify flow mixing as a function of physiological and ventilatory
parameters that could be employed in a particle deposition model.

2. Methods
2.1. Geometrical model

The geometrical model used herein is composed of a single alveolar cavity connected to a respiratory bronchiole (duct)
(see Fig. 1) whose characteristic dimensions are given for nominal values in Table 1.

2.2. Wall deformation and flow conditions

There is no consensus in the literature about the homogeneity of lung tissue deformation (Forrest, 1970; Greaves et al.,
1986; Kitaoka et al., 2007). However, new imaging techniques hold some promise of determining alveolar wall motion
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Fig. 1. Geometry (A) and CFD mesh (B) of the alveolus model. The shape of the alveolus is a 19 face polyhedron, constituted of a stack of four connected
hexagonal cross sections. This shape is consistent with images from histological slices that depict a polygonal (non-spherical) structure of the alveolus, and
with the observations of Butler et al. (1996) that the average angle between alveolar septa is 120°. The alveolus is connected to a cylindrical tube
representing the respiratory bronchiole through a duct-alveolar interface. The nominal dimensions of these elements are based on morphometric
measurements made on human acini (Haefeli-Bleuer & Weibel, 1988; Sznitman et al., 2007; Weibel et al., 2005). Characteristic dimensions of the alveolus
model are given in Table 1.

Table 1
Characteristic dimensions of the geometrical model defined by its nominal values.

Characteristic dimensions

Alveolus Volume 2.06 x 1072 mm?®
Diameter 0.34 mm

Duct Volume 2.2 x1072 mm®
Diameter 0.28 mm
Length 0.356 mm

Duct-alveolus interface Surface area 5.17 x 1072 mm?
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(Unglert et al., 2010). Within the chest, alveolar tissues rhythmically deform during breathing under the effect of diaphragm
and ribcage motion. The resulting motion of the parenchyma is modeled in our simulation as an isotropic, time-dependent
transformation of the entire model geometry that is a function of the breathing parameters (lung volumes and breathing
period).

The amplitude of the deformation is considered proportional to the deformation of the whole lung and thus assumes a
uniform lung deformation. Therefore, the volume based coefficient of similarity H(t) is defined by

Vgeom ()

HO = (RO

M

where Vgeom(t) is the volume of the calculation domain which includes the alveolus and the duct at a given time ¢ and
Vgeom(FRC) is the volume of the domain when the lung is at the functional residual capacity (FRC) — the volume at the
beginning of inhalation. Assuming a sinusoidal breathing pattern the length-scale coefficient used for isotropic deformation
h(t) is defined as
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where V7 is the tidal volume, Vg is the FRC of the lung, and T is the breathing period (see Fig. 2A for a representation of the
evolution of h(t)). Amplitude and frequency of the wall motion are functions of the breathing parameters; e.g., pulmonary
volumes or breathing period through Eq. (2). Thereby, the variations of the acinus are assumed to remain proportional to the
variations of the whole chest volume suggesting a uniform deformation of homothetic nature for lung tissues.
A consequence is that sizes of both the alveolus and the duct change proportional to this length-scale coefficient while
these changes remain in phase during a whole breathing cycle in the acinar model.

The flow rate in the duct, Qp, is also assumed to be sinusoidal and always in-phase with geometrical deformation. Q4
represents the flow rate entering into or exiting from the alveolus during the inhalation phase or the exhalation phase
(see Fig. 2B). The chaotic behavior of the flow has been shown to arise in such a rhythmically expanding/contracting alveolus
(Tsuda et al., 1995) when the creeping oscillatory recirculation flow is perturbed by a low level of convective inertia effects
such as those corresponding to maximum Reynolds number as low as 0.5 and below (see Table 2).
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Fig. 2. Illustration of the wall deformation and flow conditions in the numerical model. Panel A: Sinusoidal evolution of the length-scale coefficient h(t) as
a function of time. At t/T =0.5, the deformation is at the maximal level of about 5% (in length). Panel B: In phase evolution of the geometry during the
breathing cycle: expansion of the duct and the alveolus during inhalation (from t=0 to t = T/2) and contraction during exhalation (from t =T/2 to t=T). Qs
represents the flow rate entering/exiting the alveolus; Qp is the flow rate in the duct directly above the inlet of the alveolus. These two flow components are
in phase with the geometrical deformations. The maximal deformation is observed at t =T/2.
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Table 2

Non-dimensional numbers characteristic of the flow. Reynolds number (Re = UD/v), Strouhal number (St=D/TU), Stokes number (Stk =ppdf, UC./18uD), and
Péclet number (Pe = UD/Dgyouwn ), Where U is the characteristic velocity in the duct, D is the duct diameter, T is the breathing period, p, and d,, are the density
and diameter of the particles, u is the gas dynamic viscosity, and C. is the slip correction factor as defined by Hinds (2014), Dgrown is the coefficient of
Brownian diffusion and v is the gas kinematic viscosity. Estimation using the Weibel (1963) lung model for Vr=0.5L and T=3s. The range of values
corresponds to the evolution of these dimensionless numbers throughout the acinar region.

Reynolds number 5x1073-0.5
Strouhal number 10-2-0.7

Qa/Qp 5x1073-5x10""!
Stokes number (0.1-1 pm particle) 10-7-10~4
Particle Péclet number (0.1-1 um particle) 5x 10*-10°

2.3. Distribution of Q4/Qp in the lung model

The ratio Q4/Qp has been considered in several studies as characterizing alveolar flow (see Sections 3 and 4). The
deformation controls the value of the flow rate penetrating the alveolar cavity (Q4) at each cycle:

Qa(t) = H(t)VA(FRC) 3)

where H(t) is the time-derivative of the volume-coefficient of similarity (see Eq. (1)) and V,(FRC) is the volume of the
alveolar cavity at the beginning of the inhalation phase. Based on a symmetric lung morphometry model (Soong et al., 1979),
Qp can be estimated in a given acinar generation (the index g) by calculating the volume variation of the acinar region
subtended by a given acinar generation:

. _ %
Qn(f)=H(t){ ¥ 2 gvk+2g] @
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where V is the volume of one segment, in generation k (alveoli and bronchiole), assuming that each generation is
constituted of segments. Following Eq. (4), the deeper the alveolar position g, the weaker the flow rate in the duct Qp. This
consequence of the airway branching geometry results in an increase in the ratio Q4/Qp as the generation number
increases. Based on this analysis, note that this ratio is not a function of the ventilatory parameters.

2.4. Numerical method

Dimensionless numbers can be calculated to illustrate the main characteristics of the fluid dynamics of this system. The
Reynolds number and the Strouhal number, which are the key dimensionless parameters that characterize the duct flow,
have been calculated using physiologically relevant parameters (see Table 2). The former measures the influence of
convective inertia compared to viscous effects, whereas the latter characterizes the relative contributions of the oscillating
and steady flows in terms of local to convective inertia ratio. In our case, the Reynolds number range corresponds to a
laminar viscous dominated flow throughout the acinus. Strouhal number values are lower than one, indicating that
unsteady effects are negligible because local gas inertia is low compared to convective inertia. However, the alveolar wall
motion (implemented via time-dependent boundary conditions) is not accounted for in these duct based parameters. The
Stokes and Péclet numbers for aerosol particles will be considered in Section 4.

CFD calculations of the three-dimensional, incompressible Navier-Stokes equations were performed to determine the
flow fields in the alveolus model using the commercial software Fluent™ (ANSYS, PA, USA). Grid transformation is
performed at each time step by a user defined function (following Eq. (2)) to adjust positions of the alveolar wall mesh
nodes which define the moving boundary. The other boundary conditions are as follows: (i) no-slip boundary condition at
the walls, (ii) pressure boundary condition at the inlet (proximal opening of the duct), and (iii) a mass flow outlet at the
distal open end of the duct. A sinusoidal time dependent outlet mass flow condition was implemented using a user defined
function, in phase with the geometrical deformation. This scheme therefore conserves mass. Its amplitude is in the
physiological range of values taken by Qp (see Eq. (4)) in all the generations of the acinus. An unstructured three-
dimensional mesh was created with Gambit software (ANSYS, PA, USA). Grid convergence tests were performed based on
axial and lateral velocity profiles in the geometry.

2.5. Tracking the fluid material volume: residual mass

CFD simulations yield the time-dependent velocity field at all points in the model geometry. However, this Eulerian
description of the flow at spatial locations does not readily provide a measure for the flow irreversibility. To this end,
typically a Lagrangian approach is used where the motions of individual fluid particles are tracked through numerical
integration of their trajectories in the oscillating flow field. The flow chaoticity and irreversibility can then be measured
using the time behavior of averaged distances between particles. We have chosen here an alternative approach that consists
in computing the evolution of an Eulerian continuous scalar field transported by the fluid flow. This field denoted ¢ acts as a
marking of the fluid particles, i.e., as a “numerical tracer”. Because it does not affect the fluid flow it is called a “passive
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scalar”. This field is initially set to 1 in the bronchiole duct and to 0 in the alveolus, therefore marking the material fluid
volume that is initially in the bronchiole duct and that enters the alveolar space during the inhalation phase of the first
breathing cycle. This numerical approach is equivalent to physically marking the fluid with smoke or dye; however, ¢ is
non-diffusive as compared to the physical flow visualization methods, which allows us to directly assess the efficiency of the
mixing in the convective transport, something usually difficult to achieve experimentally. The local (mass conservation)
transport equation for ¢ is given by

“g—gb)Jr div (ppV ) =0 )

where p is the density of the fluid (presently assumed to be constant) and V s the fluid velocity. Initial scalar values are
¢ =0 (0% scalar concentration) in the alveolus and ¢ =1 (100% scalar concentration) in the duct (seen at t=0). Boundary
conditions for the scalar are

¢=1 attheinlet surface

% =0 at the outlet surface during inhalation, - ¢ <T/2 (6)

and

¢ =0 attheinlet surface
c(ij_x — 0 at the outlet surface during exhalation, T/2<t<T (7)
Note that the inlet and outlet surfaces are inverted for exhalation compared to inhalation. After the first breathing cycle,
¢ =0 at the inlet surface during inhalation. The transport equation (see Eq. (5)) is solved using a User Defined Scalar
function without the diffusion option, implemented within FLUENT. One has to note that, since there is no diffusive term in
the transport equation (5), the evolution of a field initially piecewise constant on two separate regions (Fig. 3a) should result
at later times in a still piecewise constant field on two separate new regions (Fig. 3b). The boundary between the new
regions results from the evolution of the initial separation line between the duct and the alveolus in the unsteady velocity
field (upper thick arrow between Fig. 3a and b). Theoretically, if the flow field in the second half-period of the breathing is
the time-reversed field of the first half-period (which would be the case for a Stokes flow since the motion of the walls is
symmetric in time), then the separation line should come back to its initial position (lower thick arrow in Fig. 3).

The origin of the irreversibility observed in our numerical simulations is mainly the convective inertia component of the
flow which causes the flow field in the second half-period of the breathing to differ from the time-reversal of the one in the
first half. Incidentally, the artificial diffusion coming from the discretization scheme and the numerical simulation will
smooth the step-wise distribution of the passive scalar (¢) and spread it into the alveolus in addition to the convective and
chaotic mixing reported above. However, due to the good spatial convergence (Roache, 1982) and previous testing of the
Fluent User Defined Scalar function in the literature (Glatzel et al., 2008) the effect of artificial diffusion is insignificant. The
field ¢ thus provides a natural measure of convective mixing efficiency of the fluid during the breathing cycle. Moreover, it
is expressed in an Eulerian scheme which makes it very easy to implement in a numerical simulation and to solve with the
known velocity field at each step. By observing the residual amount of fluid mass marked by the scalar in the alveolar cavity
after a limited number of breathing cycles, we can obtain a compact quantification of the flow irreversibility. The amount of
marked fluid remaining after n cycles (m,.s(n)) is calculated by integrating the passive scalar ¢(7, t) over the alveolus at

[0, 7/2]
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Fig. 3. Theoretical evolution of the passive scalar field ¢ during a single breath. (a) Initial value of the field which is set to 1 in the acinar duct and to 0 in
the alveolus. The flow runs from left to right. (b) Being carried by the fluid, the field ¢ should remain a step-wise function throughout its evolution. If the
flow field in the second half-period is the time-reversed of that in the first half-period, then the distribution of ¢ should return to its initial value at the end
of the period. (c) In fact, flow asymmetry in time and chaoticity of the flow combine to produce an irreversible dispersion of the field ¢, making it an
effective tool to measure the irreversibility of the system.
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Q Qp Qp

Fig. 4. Instantaneous flow patterns at peak inspiration obtained for different alveolar-to-bronchial flow ratio values. The flow runs from left to right.
Streamlines are calculated in the central plane using the current numerical model. (A) Q4/Qp =0.008; (B) Q4/Qp =0.016; and (C) Q4/Qp =0.15.

time t=nT, and normalizing it by the volume of fluid in the alveolus (V4(FRC)) at the beginning of inhalation:

/fﬁllvqb(Yy t) d3X _ //falv¢(7> t) d3X (8)
a1 - dx VA(FRC)

Myes(n) provides a non-dimensional estimate of the balanced effect between marker penetration (during alveolar inflation)
and marker washout (during alveolar deflation) over one or several (n) entire cycles of alveolar filling and emptying. The
computational implementation of m.s(n) was accomplished by the integration of flux of the marker across the surface
between the duct and the alveolus at each time step. This surface integral can be shown to be equivalent to the volume
integral in Eq. (8).

Myes(N) =

3. Results

The instantaneous flow patterns calculated at peak inspiration (shown in Fig. 4) in the present 3D-model are quite
similar to those obtained in the 2D-model by Tsuda et al. (1995). The latter results were obtained under the same flow
conditions but for a slightly different moving walls acinar model. Minor changes in the geometrical shape of the alveolus did
not affect the key features of the flow fields.

Large recirculation zones were observed for very low values of Q4/Qp (Q4/Qp=0.008) but not for larger values
(Qa/Qp = 0.15) where radial streamlines are visible. The occurrence of a recirculation zone at small values of Q4/Qp has also
been obtained in previous numerical models (Kumar et al., 2009; Sznitman et al., 2009) and experimental studies (Tippe &
Tsuda, 2000). Such alveolar flow patterns obtained in certain conditions of alveolar wall motion and flow pattern are known
to promote kinematic irreversibility of fluid particles, initiation of a stagnation saddle point and the existence of chaotic
alveolar flow behavior (Henry et al., 2009). It implies that a fluid particle might not follow the same path during inhalation
and during exhalation even though conditions of the calculation are reversible in terms of wall motion and flow boundary
conditions.

3.1. Single breath analysis

Figure 5 presents the dispersion of the tracer in the acinar model at five different instants during the first breathing cycle.
The distribution of the passive scalar can be visualized in the whole domain (duct and alveolus) at each time-step of the 3D
numerical computation. Colors indicate the repartition of scalar values, where black corresponds to a scalar value
of 0 and red is 1, indicating that all the fluid in a given volume was not or was from the originally marked bolus, respectively.

The images shown in the top part of Fig. 5 are not 2D slices but 3D representations of the numerical domain using
modified transparency values to obtain a blended superposition of all data contained in the successive slices of the domain.
Fig. 5 provides a qualitative illustration of the evolution of the passive scalar field during the first complete breathing cycle.
For this example, Q,/Qp value is 7 x 10~* and exhibits irreversible flow recirculation. This is expected for such low Q,/Qp
values as indicated by Fig. 4 and reported in the literature (Tsuda et al., 1995). The effect of kinematic irreversibility of
alveolar flow is clearly visible on the evolution of numerical tracer first by comparing instants (i.e., T/4 and 3T/4) where
alveolar flows have the same magnitude but opposite directions.

Second, at the end of the first breathing cycle, the alveolus is no longer free of tracer, indicating that some marked fluid
originally in the duct remains located in the alveolus in spite of total reversibility of duct and alveolar wall motion. These
results are consistent with a rapid dispersion of the numerical scalar which occurs within less than one breath, suggesting
that non-reversibility of fluid particle motion and the chaotic behavior of alveolar flow generate a very efficient convective
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Fig. 5. (Top) Evolution of the passive scalar values according to a 3D-representation. Scale indicates the scalar value (from O to 1) or concentration (from 0%
to 100%) at different characteristic times during the first breathing cycle. As in Figs. 3 and 4, the duct flow runs from left to right. (Bottom) The cross-
sectional representation of scalar value (or concentration) in the axial and perpendicular planes of the model at t=T/4. The overall breathing conditions
are: Qu/Qp =7 x 1074, T=3s, Vy=0.5 L, Vigge=3 L. The value used for Q4/Qp corresponds to a proximal position in the acinar tree.

mixing that can be advantageously quantified by the normalized amount of residual scalar remaining in the alveolar cavity
at the end of each breathing cycle.

Values of m,s are plotted in Fig. 6 as a function of Q4/Qp and for a physiological range of these values, i.e., from 3 x 10~
to 10~ calculated on the basis of Eq. (4) and the geometrical values of the morphometric model by Soong et al. (1979).
These values cover a complete range of positions in the acinus, i.e., generations 17-23, and the present results reveal
maximum mixing efficiency for the intermediate acinus generations.

Regarding the top curve obtained after the first breathing cycle, low values are obtained near the two extremities of the
range (10~4-10~1) for Q4/Qp. It suggests that low convective mixing occurs in both the more distal and the more proximal
regions of the acinus. As a matter of fact, in the distal part of the acinus, flow might be more reversible first because Re takes
the lowest values there, and second because at higher values of Q4/Qp the recirculating zone in the alveolar cavity
progressively vanishes, as displayed in Fig. 4C. For the proximal part of the acinar compartment, the dominating duct flow
limits transport of scalar into the alveolar cavity, thus isolating the effect of the alveolar wall motion from fluid in the duct.
Thus, the most striking aspect of the curve shown in Fig. 6 is the maximum that occurs near Q,/Qp=2.5 x 1073
corresponding to the middle range of acinar generations, i.e., 20-21. Here the interaction between the alveolar flow and the
duct flow is the largest, resulting in the greatest flow irreversibility and chaoticity. The washout resulting from the
succession of alveolar breathing cycles (up to 9) consistently confirms that an efficient convective mixing mechanism
enables a rapid decrease in the normalized amount of residual scalar.

3.2. Multi-breath analysis

The multi-breath analysis shown in Figs. 7 and 8 describes the decay in residual scalar remaining after the first cycle and
removed by several successive alveolar breathing maneuvers free of new marker. Because no new passive scalar is
introduced after the first cycle, these calculations over several breathing cycles provide a quantification of the multi-breath
alveolar washout and its modulation through the acinar region. Figure 7 displays the dispersion of the scalar bolus in the
alveolus during the first cycle (1T) followed by five successive breathing cycles (from 2 to 6 cycles) for the case Q,/Qp =7 x
10~* corresponding to proximal acinar generation (#17-18). As shown in Fig. 6, m,., is drastically reduced by washout from
the alveolus dependent on the position in the acinus.

To illustrate how acinar position may affect the washout rate, m,.s was plotted in Fig. 8 as a function of breathing cycle for
three physiological values of Q4/Q), ranging from proximal to distal acinar regions. When Q4/Q), is low (3 x 10~%), i.e,, in
the proximal acinar regions, the flow velocity entering the alveolus is small compared to the shear flow generated by duct
flow thus justifying the small values observed at the end of the first inhalation (see Fig. 8A). When Q4/Qp is high
(1.1 x 10~ 1), the shear imposed by the flow in the duct is weak and the dominant effect is the aspiration of marked fluid into
the alveolar cavity; however, m,.; at the end of the first inhalation is now low due to the highly reversible nature of the flow
(see Fig. 8C) which also explains why the trapped marked fluid does not washout during the following breathing cycles. The
case Q4/Qp=2.5 x 10~ 3 corresponds to the maximum value of m,.,, where shear and aspiration mechanisms are balanced,
leading to a high uptake and retention of marked fluid into the alveolus and slow washout (Fig. 3b).

3.3. Output of the model

The output of the model is exemplified in Fig. 8 where m,.; is plotted as a function of the number of unloaded breathing
cycles (up to 9) following a first loaded cycle and three different values of Q4/Qp corresponding approximately to
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Fig. 6. Calculated impact of alveolar-to-duct flow ratio Q4/Qp on the normalized amount of residual scalar remaining in the alveolar cavity at the end of 1
breathing cycle (in proportion of the initial quantity of scalar in the alveolus of the model) and its washout resulting from a succession of cycles (up to 9
after the first loaded cycle). The values of Q4/Qp represent different airway generations indicated by a second horizontal axis based on data by Soong et al.
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Fig. 7. Simulation of a washout maneuver of the marked fluid after 1 loaded cycle of marker followed by five unloaded breathing cycles (the duct flow runs
from left to right). The physiological conditions are Q4/Qp =7 x 1074, T=3s, V;=05L, Vige=3 L.

proximal (A), intermediate (B) and distal (C) acinar airway generations. This model output can be fitted with an analytical
form for later use as part of an aerosol deposition model (Pichelin et al., 2012). Assuming washout can be characterized by
an exponential decay, two distinct time scales emerge. Because we are only considering 10 cycles, the long time scale can be
realized simply as an additive constant, noted my in Eq. (9). The short exponential time scale is characterized by a time
constant and the initial (after the first loaded cycle) amount of the numerical tracer in the alveolus, 7 and m,, respectively.
The resulting analytical expression is

Myes() = 1My exp(—?) +mr 9)

where n is an integer from 1 to 10 representing the loaded cycle and nine successive unloaded cycles.

For example, 7, m; and my, for the Q4/Qp values and their associated generation number of the Soong model (Soong et al.,
1979), are given in Table 3. The m; values reflect the relative maximum of convective mixing efficiency at generation 20 (mid
acinar region). However, 7 increases moving deeper in the acinus and my shows a relative maximum at generation 19.
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Fig. 8. Washout of the numerical tracer as measured by m,,, for three values of Q,/Qp. Panel A: Q4/Qp =3 x 10~%, Panel B: Q4/Qp =2.5 x 1072, and
Panel C: Q4/Qp=1.1x 107"

Table 3
Exponential fit parameters for expressing m.s as a function of the number of washout cycles.

Generation Qa/Qp my mr T

17 3.037E—-04 0.062 0.042 0.387
18 6.162E—-04 0.159 0.032 0.435
19 1.266E - 03 0.251 0.054 0.572
20 2.689E-03 0.291 0.037 0.694
21 6.134E—-03 0.270 0.025 0.744
22 1.655E —-02 0.146 0.018 1.050
23 8.568E—02 0.035 0.006 5.276

4. Discussion

A CFD model is presently developed to study convective transport in a single alveolar geometry and most specifically the
role of convective mixing resulting from the back and forth fluid motion of air in a rhythmically deformed alveolus.
Moreover, by varying the values of the alveolar-to-duct flow ratio Q4/Qp in the physiological range observed in the acinus,
such a single alveolar model was able to mimic mixing phenomena over the entire acinar region (i.e., generations 17-23)
(Soong et al., 1979). Contrary to previous acinar transport studies in which a Lagrangian approach is used (Tsuda et al., 1999,
2008), the Eulerian approach presently proposed enables us to capture the essential of gas flow in the acinar region while
minimizing the numerical errors potentially associated to the Lagrangian approach (Tsuda et al., 1995).
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We purposely consider a continuous scalar field aiming to describe the probability of finding an average concentration of
scalar at a given location in the alveolus. In particular, to assess the efficiency of convective mixing, we calculated the
residual quantity of scalar (i.e., an Eulerian fluid marker) m,.s remaining in the alveolus after one loaded alveolar breathing
cycle. Complementarily, the efficiency of mixing was also estimated by imposing a succession of washout maneuvers made
of several unloaded breathing cycles. The dispersion of the marker is related to two distinct mechanisms which have been
clearly identified in previous studies in more or less similar acinar geometries: flow irreversibility and chaoticity (Haber &
Tsuda, 2006; Laine-Pearson & Hydon, 2010). However, as numerical diffusion cannot be completely eliminated, it would be
expected that as m,.s becomes very small after many cycles the proportion of m,.s due to numerical diffusion, if relatively
constant, would be proportionally greater.

We attempt to show herein that the method presently proposed (the Eulerian marker) is particularly adapted to the
study of convective acinar mixing at low Re. Note that, in our acinar model, irreversibility remains significant in spite of in
phase alveolar and airway flows imposed by the homothetic nature of the acinar model deformation. The characteristics of
chaotic effects are generated at certain locations (i.e., near the alveolar mouth in some alveoli) and for certain flow
conditions where stretching and folding due to shear and expansion are the strongest and convective effects ascertained by
non-zero Reynolds number are not negligible. Noteworthy, even this highly simplified alveolar geometry can be used to
appropriately simulate alveolar mixing effects.

An important message brought by this quantitative approach is that, in physiological conditions of breathing, convective
mixing is maximal in the middle of the acinar region (generations 19-21 of the Weibel and Soong et al. models), i.e., at a
place in the range of flow ratio values where the marker dispersion is maximal (Fig. 6). These results are consistent with the
results obtained in a computational acinar model by Haber & Tsuda (2006) who found a maximum mixing efficiency located
at the level of the 21st generation of the Weibel model.

Based on Fig. 6, three acinar regions for mixing can be identified reflecting values of residual scalar at the end of a loaded
breathing cycle:

® A proximal acinar flow region (Q4/Qp <5 x 10~%) where the flow entering the alveolus is relatively minor to the duct
flow such that a shear flow is induced and characterized by a recirculation eddy. Hence a small amount of scalar remains
at the end of the first inhalation-exhalation cycle while the recirculating eddy traps the bolus dispersed in the alveolus,
maintaining a significant part of the bolus in the alveolus (see Fig. 8A).

® An intermediate acinar flow region (5 x 10™% < Q4/Qp <5 x 10~2) where significant mixing occurs because shear flow
and aspiration mechanisms are balanced, leading to maximal convective mixing and maximum washout efficiency
(Fig. 8B).

® A distal acinar region (Q4/Qp >5 x 10~2) where the dominant mechanism is a significant ventilation of the alveolar
cavity but with a reversible flow pattern, leading to poor convective mixing assessed by the smallest amount of residual
scalar at the end of the first cycle (see Fig. 8C).

In general, the present results are consistent with the results in the literature. This suggests that the Eulerian approach
presently proposed to quantify mixing irreversibility in lung alveoli is a promising method. It is clearly stated in the
literature that irreversibility and chaoticity of flow in the acinar region is actually influenced by two mechanisms: (i) the
recirculating flow in the alveolus which is induced by the shear flow within the duct and (ii) the flow pulled into (or pushed
out of) the alveolar cavity under the effect of the wall motion (Haber et al., 2000, 2003). To describe the relative contribution
of these two mechanisms, authors have used a non-dimensional ratio 4 which accounts for the relative contribution of
alveolar wall motion and shear contribution raised by the duct flow (Haber et al., 2000):

Qa4 (Dp\’
~36,(0,) 1o
where D4 and Dp are the characteristic diameters of the alveolus and of the duct respectively. Because the deformation in
alveolar model geometry is isotropic, the ratio D4/Dp remains constant over the breathing cycle and therefore A is directly
proportional to Q,/Qp. Hence, the use of flow ratio Q4/Qp as a relevant independent parameter linked to the alveolar
position within the acinus is consistent with the literature (Haber et al., 2000; Henry et al., 2002, 2009; Tsuda et al., 1999,
2008).

However, potential limitations of the present approach might reside in the simplicity of our alveolar geometry used
compared to the complexity of the physiological model. For instance, adjacent alveoli on bronchiolar duct are not one but
multiple while upstream and downstream flow conditions may vary. Note that Henry et al. (2002) performed numerical
studies with multiple alveoli in a two-dimensional model and found that the flow pattern was similar to that in single
alveolus model (Tsuda et al., 1995). Models that incorporate more complex geometries such as multiple alveoli attached at
the same axial location (alveolar sleeves) on a bronchiole developed by Darquenne et al. (2009) or arranged in an
asymmetric pattern along the bronchiole as studied by Kumar et al. (2009) exhibit some dependence on the relative alveolar
position. However, these effects can be taken into account by using an appropriate Q,/Qp ratio, i.e., by correcting Qp to
reflect the presence of the adjacent alveoli. Indeed, Kumar and coworkers have specifically shown that alveoli positioned in
different acinar structures possess similar flow patterns if Q4/Qp values are the same. Regarding upstream and downstream
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conditions, the entrance length to establish fully developed flow (¢) is given by ¢#/Dp = 0.06Re for laminar flows, which
corresponds within the model to # = 0.03Dp. Since this length is very small (i.e., smaller than a mesh cell size), the flow is
fully established at the inlet boundary of alveoli and does not interfere with the flow in the cavity. Thus, it is unlikely that
single isolated alveolus will be highly affected by upstream and downstream conditions.

Foremost, because the model captures the most pertinent local parameters (geometrical size, local flow rates, rate of
deformation), the alveolar flow pattern is similar to those found in previous numerical studies (Haber et al., 2003; Henry et
al.,, 2009; Tsuda et al., 2008) despite the lack of phase difference between duct and alveolar flows in our model. The results
presented herein can be compared to other numerical studies of alveolar flow presented in the literature (Haber et al., 2000,
2003; Henry et al., 2002, 2009; Kumar et al., 2009; Sznitman et al., 2007; Tsuda et al., 1994a,b, 1999, 2002). To do so, we
used data presented in Fig. 6 as an indicator of flow irreversibility then compared them to the findings of other investigators.
Consistently with our results, Henry et al. (2002) demonstrated that alveolar flows, in the range 5 x 103-5.3 x 10~ 2 for
Q,/Qp, exhibited large recirculation eddies that favor trapping of fluid particles. On the other hand, in the range 4 x 102
7 x 1072 of Q4/Qp, the trajectories of massless particles were not reversible during one breathing cycle while trajectories
became completely reversible for Q,/Qp values higher than 8 x 10~2. These range results are also consistent with the
results herein.

The investigation of alveolar fluid mechanics needs numerical studies because of the inherent difficulties of performing
both in vivo and in vitro experiments (Unglert et al., 2012). In spite of a limited number of in vitro studies conducted to
measure velocity flow fields in an expanding/contracting alveolus (Chhabra & Prasad, 2010; Tippe & Tsuda, 2000), these
studies have clearly demonstrated the relationship existing between recirculation eddies developing inside the alveolus and
the breathing conditions through the role of the Q,/Qp ratio. The agreement classically found between numerical and
experimental approaches (Berg et al., 2010; Karl et al., 2004; Ma et al., 2009) is a confirmation of the validity and interest of
the present approach.

We contend that the present approach using an Eulerian scalar is relevant for our goal of providing a compact analytical
expression of flow irreversibility and chaoticity. For future applicative studies, such a compact correlation found between
myes and Q4/Qp can be used as an input to the existing aerosol deposition model (Pichelin et al., 2012), thus accounting for
the effects of flow irreversibility in the context of multiple breathing cycles on aerosol deposition in the acinus. However, in
the process of determining the deposition probabilities of aerosols, an inconsistency may arise because our concept is only
based on the capture of fluid (i.e., gas) in the alveoli while aerosol particle motion in principle can be independent to the
fluid particle motion. This inconsistency is minor for submicron particles which are most likely to reach the acinus and
follow the fluid flow (Stk <1 and Pe <1, in Table 2). Therefore, any approach of particle deposition based on particle
residence time in the alveoli could benefit from the present quantification of convective mixing by a non-diffusive Eulerian
marker that provides a compact analytical expression of flow irreversibility and chaoticity.

5. Conclusion

Lung convective mixing arising from the irreversibility and chaoticity of flow in the alveoli is an important mechanism of
gas and particle transport. Its quantification is classically performed by a Lagrangian approach which is cumbersome and
potentially a source of numerical errors. To quantify alveolar convective mixing, we presently show that an Eulerian marker
quantifying the amount of fluid particles trapped in an elementary deformable alveolar model can provide a compact
analytical expression of alveolar flow irreversibility. The results obtained by such a global marker of alveolar convective
dispersion are consistent with the results obtained by the more local Lagrangian approach. For instance, the dependence of
the Eulerian marker on alveolar-to-duct flow ratio allows us to infer that optimal efficiency of convective mixing exists in
the intermediate region of the acinus for normal breathing conditions. The quantitative results presented in this paper could
be a useful tool to incorporate convective alveolar transport and residence time of particles in a model of particle deposition
in the lung.
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