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1. INTRODUCTION 

 
Abstract—A numerical model of an expanding 

asymmetric alveolated duct was used to examine 
the influence of various features of acinar 
geometry on the structure of the flow and the 
transport of fluid particles in a typical alveolus in 
selected generations of the human acinus. We 
confirmed that the alveolar geometry affects the 
nature of the flow in alveoli, particularly in the 
proximal region of the acinus. 

HILE slow viscous flow occurs in a number 
of biological situations, this paper is 

primarily concerned with gas and fluid particle 
transport in the human pulmonary acinus. The 
acinar region is defined to start at the transitional 
bronchioles; i.e., in the airways in which alveoli 
first appear. The Reynolds number ( νUd=Re , 
where ν  is the kinematic viscosity) of the flow in 
the acinar-entrance airways is of order one and 
thus inertial effects are relatively unimportant. 
The change in the flow rate over the breathing 
period is slow in comparison to the diffusional 
time; hence, acinar flow is quasi steady [1]. 
Nonetheless, the motion of the walls confining the 
flow is a defining feature of the flow. While in 
certain restricted circumstances a rigid model 
gives a reasonable description of alveolar flow, 
we will see that, in general, wall motion is central 
to the nature of alveolar flow. 

In this paper, we use a numerical model [1] to 
examine the influence of various features of 
acinar geometry on the structure of the flow in a 
typical alveolus in selected generations of a 
typical human acinus. We have shown in the past 
[2,3] that the nature of the flow in an alveolus is 
governed largely by the value of QA/QD, where 
QA is the rate of flow entering the expanding 
alveolus and QD is that passing by the alveolar 
opening in the duct. We have also shown, using 
rigid models [4], that alveolar flow is influenced by 
the alveolus aspect ratio AR = h/w, where h is the 
depth and w the width, and the ratio of alveolar 
depth to duct diameter, DR = h/d. In an 
expanding model, both AR and DR are related to 
QA/QD and in this paper, we explore the effect of 
this relationship on the resulting alveolar flow 
patterns. 
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2. METHODS 

2.1 Model Geometry 
The model comprises three identical annular 

alveoli in axial alignment (Fig. 1a). Each alveolus 
has a width w, an outer diameter c, a septa of 
thickness t and an inner diameter d. The model 
geometry changes in a perfectly kinematically 
reversible, simple sinusoidal, manner. That is, all 
lengths change as ( ) ( )tFLtL = , where 

( ) ntKtF sin1 += , ( ) ( )11 +−= φφK ,

( ) 3/11 C+=φ , FRCT VVC = , Tn π2= , TV  is 
the tidal volume,  FRCV   is the lung volume at 
functional residual capacity, T is the breathing 
period and the over bar signifies the mean value. 
For quiet breathing, T = 4s and C = 0.2 [5]. 

 

 
Figure 1: (a) Three-alveoli model. QA is the 
volume flow into the alveoli and QD is the volume 
flow in the duct. (b) Schematics of the four 
geometric configurations considered. 

2.2 Flow and Geometrical Characteristics 

The flow parameters we consider are the ratio 
of flow entering the alveolus to that passing by 
the alveolar opening in the duct, QA/QD (Fig. 1a) 
and the Reynolds number of the flow in the duct, 
Re. The geometric parameters are the alveolar 
aspect ratio, wh=AR , where ( ) 2dch −= ; 
and the ratio of the depth to the inner duct 
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diameters, dh=DR  (Fig. 1a). We concentrate 
on four geometric configurations (Fig 1b and 
Table 1). Specifically, case 1 has AR = 1 and DR 
= 1; case 2,  AR = 1 and DR = 0.5;  case 3,  AR = 
0.5 and  DR = 0.5;  and case 4, AR = 0.5 and  DR 
= 0.25. Cases 1 and 2 are models of mature, 
fully-developed, alveoli; whereas, cases 3 and 4 
are models of infant,  developing, alveoli. 

Table 1: Geometry and flow details 

Case AR DR gen. QA/QD Re 

1 1.0 1.0 

rigid 0 1.0 
15 7.33×10-4 1.0 
18 7.22×10-3 0.1 
23 0.29 0.0025 

2 1.0 0.5 

rigid 0 1.0 
15 5.50×10-4 1.0 
18 5.43×10-3 0.1 
23 0.23 0.0024 

3 0.5 0.5 

rigid 0 1.0 
15 2.75×10-4 1.0 
18 2.73×10-3 0.1 
23 0.24 0.0011 

4 0.5 0.25 

rigid 0 1.0 
15 2.29×10-4 1.0 
18 2.27×10-3 0.1 
23 0.18 0.0013 

As we have assumed that the geometry 
remains similar at all times, QA/QD is simply a 
function of model geometry. Specifically, QA/QD 
= VA/VD, where VA is the volume of the alveolus 
and VD is the total acinar volume distal of the 
alveolus plus VA and the duct volume below VA 
(Fig. 1). The value of VD defines in which 
generation the alveolus is located. We note that 
Re and QA/QD are linked through VD. In 
particular, we define νdU maxRe = , where, 

maxU  is the maximum bulk velocity, and hence, 

dTVK D ν6Re = . We see that the Reynolds 
number is a function of the tidal volume, TV  
(through K), and the breathing frequency, 1/T. 

2.3 Governing Equations 
The Navier-Stokes equations, in cylindrical 

coordinates, were transformed into an equation 
for the transport of vorticity. An equation for the 
streamfunction was derived from the continuity 
equation. The vorticity and streamfunction 
equations were discretized on a moving mesh 
using the finite volume method. The resulting 
equations were solved on a multi-block grid using 
the line-by-line Gauss-Seidel method with implicit 
time marching. More details on the numerical 
solution and validation of the model are given in 
Henry & Tsuda (2010). 

3. RESULTS 
The instantaneous streamline patterns for the 

flow in the entrance-region alveoli did not change 
appreciably over the breathing period (Fig. 2). 
This confirms the finding of Tsuda et al., 1995, 

that acinar flow is quasi steady. This was found to 
be true of all geometrical cases and generational 
locations considered (results not shown). 

 
Figure 2: Instantaneous streamlines in generation 
15 of geometry case 4 (AR = 0.5, DR = 0.25) at 
various points in the breathing cycle. See Table 1 
for flow details. 

In all cases, the predicted flow patterns in the 
entrance-region alveoli of the expanding models 
resemble those of the corresponding rigid cases 
(Figs 3-4). Nonetheless, the expanding model 
flows differ from the rigid cases in essence. 
Unlike the expanding cases, the flows in the rigid 
models have streamlines separating the duct flow 
from the alveolar flow and no streamlines 
emanate from the walls. It is noted that the further 
the alveolus is away from the acinar entrance, the 
more dissimilar are the expanding model 
streamline patterns from those of the rigid case. 
Specifically, in the terminal generation of all cases 
considered, the flow in the alveolus is largely 
radial (Figs. 3-4). 

Rigid Gen. 15 Gen 18 Gen. 23 
    

    

Figure 3: Instantaneous streamlines at maximum 
inhalation flow rate. Upper row, geometry case 1 
(AR = 1.0, DR = 1.0). Lower row, geometry case 
2 (AR = 1.0, DR = 0.5). See Table 1 for flow 
details.  

Rigid Gen. 15 Gen 18 Gen. 23 

    

    
Figure 4: Instantaneous streamlines at maximum 
inhalation flow rate. Upper row, geometry case 3 
(AR = 0.5, DR = 0.5). Lower row, geometry case 
4 (AR = 0.5, DR = 0.25).See Table 1 for flow 
details.  

The alveolar flow in geometry case 1 (AR = 1 
and DR = 1) is quite similar to that in case 2 (AR 
= 1 and DR = 0.5) for all generations (Fig. 3). 
That is, the flow in fully developed alveoli  does 
not appear to be affected by the alveolar depth to 
duct diameter ratio, DR. Conversely, the flows in 
the shallow, immature, alveoli, geometry cases 3 
and 4, with AR = 0.5 (Fig. 4) differ considerably 
from one another in all generations considered 
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but the last. The sensitivity of the flow in the 
alveoli with AR = 0.5 to the value of DR was 
shown previously by Karl et al. (2004) in a rigid 
model. That is, when the inner diameter, d, is 
relatively small compared to the alveolus depth 
(large DR), the flow expands further into the 
alveolus than when d is relative large, (small DR). 
The result is that in case 3, two separate 
recirculation regions occur; whereas, in the case 
4, two recirculation zones also appear but they 
are encircled by a larger closed streamline (Fig 
4). 

The expanding model flows differ from the rigid 
cases in another important way. As shown by 
Tsuda et al. (1995), when expanding cavity flows 
exhibit closed streamlines, a stagnation saddle 
point must exist near the wall. Here we find that 
when there are two regions with closed 
streamlines, as in the case 3 (AR = 0.5 and DR = 
0.5), generations 15 and 18 (Fig 4), there are two 
stagnation points: one on the left wall and one on 
the upper wall (Fig. 5). Conversely, in case 4 (AR 
= 0.5 and DR = 0.5), generations 15 (Figs 4), 
there is only one saddle point near a wall; the left 
wall (Fig. 5). A saddle point is unnecessary on the 
top wall in this case because the two smaller 
closed streamlines are themselves encircled by a 
larger closed streamline. Nonetheless, there is a 
second stagnation point in the flow of case 4. 
This stagnation point  is located in the centre of 
the cavity where the two smaller recirculation 
regions meet. A similar stagnation point also 
occurs in the corresponding rigid-wall model. It is 
noted that the saddle points near the walls are 
exceedingly close to the wall surface. Specifically, 
in generation 15 of cases 3 and 4 (Fig. 5) they are 
typically located at a distance of the order of 0.5% 
of the alveolar width from the solid surface. 
Further, cases 1 and 2 also exhibited a single 
stagnation saddle point very near the left wall in 
generations with recirculating flow (results not 
shown), which are similar in location to that 
shown by Tsuda et al., (1995). 

  

Case 3 Case 4 

Figure 5. Flow stagnations points in expanding 
case 3 (left) and case 4 (right) at generation 15 
(AR = 0.5, DR = 0.5). See Table 1 for flow details.  

Of the four cases considered, the streamline 
patterns for case 4 (AR = 0.5 and DR = 0.25) 
undergo the most change from entrance region to 
generation 18 (Fig. 4). Specifically, the encircling 
streamline seen in the entrance alveolus (Fig 4) 
disappears at generation 18 (Fig. 4). That is, at 
generation 18, the streamline pattern of cases 4 
is topologically similar to that in case 3 (both have 
stagnation saddle points near the top and left 
walls). Conversely, in their entrance alveoli, the 
flows are plainly dissimilar (case 3 has two near-

wall saddle points and case 4 has one near-wall 
saddle point and one in the centre of the flow).  

As instantaneous streamline patterns do not 
provide a complete sense of the dynamics of 
these flows, we also calculated tracks of fluid 
particle pairs, using a purpose-built tracking 
program (Henry et al., 2002), in generation 18 of 
all four geometry cases (Fig. 6). At the beginning 
of the first breath, each pair of particles was 
placed just below the proximal septa in a region, 
found by trial and error, which ensured that both 
particles remained in the alveolus.  The particle 
pairs were initially separated by a distance equal 
to 0.2% of the septa width. It was found that the 
time history of the distance separating the two 
particles was a function of the case geometry. 
While the time histories for cases 1 and 2 were 
quite similar, those for cases 3 and 4 differed 
from each other and from cases 1 and 2 (Fig. 6). 

4. DISCUSSION 
We are primarily interested in the dynamics of 

the flow in alveoli because they can have a 
profound affect on the transport and deposition of 
nano-sized particles in the acinus. This is 
because the diffusivity of such particles is 
extremely small (typically, four to five orders of 
magnitude smaller than that of oxygen) and 
hence they tend to be follow the path taken by the 
fluid. We note that the flow pattern in the alveoli is 
of little consequence to gas transport, because, in 
this case, diffusion transport dominates. This can 
be shown easily by considering the diffusional 
length scale Dtd ≈ , which for oxygen is of 
the order of 7mm (taking == 2Tt 2s), or 70 
times the model alveolar width. In contrast, d  for 
a 500nm particle is approximately one-tenth the 
alveolar width. 

Radial transport of axial momentum from the 
duct flow to the alveolar flow is the principle 
mechanism responsible for the difference 
between the flow in the alveoli of generation 15 
and that of generation 23 (Henry & Tsuda, 2010). 
For cases where the axial momentum in the duct 
is high; i.e., in the acinar entrance region, the 
axial momentum will be converted to angular 
momentum, by the existence of the distal septum, 
and rotating flow will occur in the alveoli (Fig 3, 
gen. 15). Conversely, in areas where the axial 
momentum in the duct is low; i.e., in the 
peripheral region, the alveolar flow will be mainly 
radial (Fig 3, gen. 23). In the expanding models, 
the radial transport has two components: 
diffusional and convective. The diffusional 
transport depends on the kinematic viscosity of 
air; whereas, the convective component is due to 
the expanding volume of the alveoli. In the case 
of the rigid models, the radial transport is purely 
diffusional. 

Henry and Tsuda (2010) showed that radial 
transport of axial momentum must be dominated 
by diffusion but this does not hold for the radial 
transport of nanoparticles. As noted above, the 
diffusivity of a 500nm particle is five orders of 
magnitude smaller than the kinematic viscosity of 
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air. The relative magnitudes of convective and 
diffusive radial transport of particles can be 
characterized by a radial Péclet number, 

prr DwU=Pe , where pD  is the particle 

diffusivity. In the case of a 500nm particle, rPe  
ranges from 14  for case 4 to 45  for case 1. 
Hence, nanoparticles will be largely convected 
into the alveoli by the expansion of the alveolar 
cavity. 

As submicron particles have negligible inertia, 
are too small to be significantly affected by gravity 
and, as shown above, are little affected by 
diffusion they will tend to follow the same path as 
the fluid particles. Hence, the fluid particle tracks 
given in Fig. 6 also give a reasonable estimate of 
the paths taken by nanoparticles, at least those at 
the larger end of the scale. We see that, in all 
cases considered, the particles that enter the 
alveoli do so over a small area situated very close 
to the septum tip (Fig. 6). That is, at each 
generation, a thin annulus of particles is skimmed 
off from the main duct flow. The thickness of the 
annulus relative to the duct radius is directly 
related to QA/QD. Hence, as the acinar periphery 
is approached the percentage of flow/particles 
entering the alveoli grows.  

The differences in flow structure between the 
fully developed alveoli (cases 1 and 2) and the 
less developed ones (cases 3 and 4) produce 
marked differences in particle path patterns (Fig 
6). Nonetheless, in all cases, the particles tend to 
travel around the flow recirculation regions. 
Therefore, the particles spend a large part of 
each breathing cycle reasonably close to the 
alveolar surfaces. We note that, in general, the 
particle paths are closer to the alveolar surface 
opposite the alveolar opening in cases with 
relatively large values of DR (cases 1 and 3, Fig. 
6) than in the cases with smaller DR (cases 2 and 
4, Fig. 6). While diffusive transport is small, it can 
be shown that over a 2s inhalation, the diffusional 
lengths scale tDp≈  of a 500nm particle is 

equal to roughly one tenth of the alveolar width. 
Hence, such particles traveling along paths 
shown in Fig. 6 could migrate to the alveolar 
surface. 

Case 1 Case 2 Case 3 Case 4 
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Figure 6. Upper: Tracks of particle pairs over ten 
breathing cycles. Lower: Time histories of the 
distance between particle pairs, s, normalized by 
the alveolar width, w. All at generation 18. 
Particles initially separated radially, by a distance 
equal to 0.2% of the septum width, just below the 
proximal septum. Included is the track of the 
particle that just grazes the distal septum (blue 
line). 

The main duct flow (i.e., that part of the duct 
flow that enters the alveoli but is above the path 
line shown in blue in Fig. 6) of the cases with 

aspect ratios of 0.5 (cases 3 and 4) enters deep 
into the alveoli. Thus the alveolar surfaces of 
these cases are more exposed to the possibility 
of deposition of particles from the main flow than 
are the alveolar surfaces of the fully developed 
cases (cases 1 and 2). Hence, it could be 
concluded that the rate of deposition of 
nanoparticles is higher in the developing lung 
than in the adult case, at least for the region of 
the acinus in which recirculating flow occurs in the 
alveoli; that is, the proximal region.  

5. CONCLUSION 
We have examined the influence of various 

features of acinar geometry on the structure of 
the flow in a typical alveolus in selected 
generations of a typical human acinus. We have 
confirmed that acinar flow is quasi steady and 
that the character of the flow in an alveolus is 
affected by the ratio of the flow entering the 
alveolus to that passing by in the duct, the 
alveolus aspect ratio and the alveolar depth to 
duct diameter ratio. Using the predicted flow 
fields, we tracked fluid particle paths over multiple 
breathing cycles to reveal marked differences 
between particle paths in fully developed alveoli 
and those in developing alveoli. Using the particle 
tracks and order-of-magnitude arguments for the 
relative strengths of convective and diffusive 
transport, we suggest that the proximal region of 
the developing lung could be more susceptible to 
high rates of nanoparticle deposition compared to 
the adult counterpart. 
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