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Abstract: This work investigates the airflow and 
deposition of particles in the central part of the 
bronchial tree (generations 4-15) during the 
inspiration phase, by means of numerical modelling. 
The Computational Fluid Dynamics code FLUENT 
6.1 with the Eulerian-Lagrangian approach was used 
to simulate particle trajectories. Particles with 
diameter of 1, 2, 5, 10, 20 and 50 µm were introduced 
in a symmetric model of single bifurcation, created 
on the basis of the morphometric studies by Weibel 
and by Hammersley and Olson, in order to represent 
the whole central part of the respiratory system with 
the same geometry, appropriately scaled down. The 
particle behaviour was studied in two different 
conditions of introduction of the discrete phase, and 
a comparison between particle deposition obtained 
with and without considering the Saffman lift force 
was carried out. 
 
Introduction 
 

The therapy of respiratory diseases mostly uses 
pharmaceuticals in form of aerosol delivered into the 
lungs: the efficiency and efficacy of the therapy highly 
depend on the size of the drug particles and their 
transport and deposition in the respiratory system. 
Therefore a detailed knowledge of the transport of air 
and particles in the human lungs is needed to predict 
accurately the deposition mechanism of aerosol particles 
in the respiratory airways and consequently the doses 
needed for the therapy. This is also required for the 
study of the maximum allowable concentration for 
particulate in air. Particle deposition in the lungs is not 
uniform, and particles tend to concentrate in limited 
zones of the respiratory system. Hence even low 
concentrations of contaminants may have serious 
implications in human health.  

The airway network has quite small dimension and 
the smaller airways deep down into the lungs are 
inaccessible. Numerical modelling offers a tool to 
reproduce the complexity of the structure and analyse 
the various aspects that influence the final particle 
distribution with excellent flexibility.   

Lee et al. [1] pointed out the necessity of 
considering at least a double bifurcation to obtain 
realistic results for air flow and particle deposition, 
because of the boundary conditions used for the air 
inlet: generally, the air is introduced with a parabolic 
profile, but this is not a realistic assumption, since the 

ducts are not long enough to allow the flow to fully 
develop; this implies that secondary flows, which play 
an important role in particle deposition, are neglected 
when a single bifurcation is considered. According to 
this consideration, reliable predictions cannot be 
obtained for the first simulated bifurcation, but only for 
the subsequent ones. Therefore, after the work of Lee et 
al., most studies were performed on geometries 
constituted of at least two successive bifurcations, often 
considering the two limits of coplanar and orthogonal 
bifurcations [2,3,4,5]. These works concentrated 
basically on a limited zone of the respiratory system, 
often considering only a double bifurcation as 
computational domain.  

The aim of our work is to investigate the airflow and 
particle deposition in the central part of the bronchial 
tree (generations 4-15) during the inspiration phase. 
Particles of different size were introduced in a 
symmetric model of single bifurcation, generated on the 
basis of the morphometric studies by Weibel [6] and 
Hammersley and Olson [7] in order to reproduce the 
cited zone of the respiratory system with the same 
geometry, appropriately scaled down. The symmetry in 
geometry was chosen because, even if less anatomically 
accurate, it should afford a better understanding of 
transport phenomena, due to its standardized geometry, 
since, as highlighted by Hammersley and Olson, a deep 
knowledge of the fluid mechanic effects induced by 
each component of airway design is incomplete at this 
time. 

 
Geometry and Methods 
 

Weibel [6] and Hammersley and Olson [7] showed 
that bifurcation angles of 70°, a diameter-to-length ratio 
of 0.30 and a branching diameter ratio between two 
successive generations equal to 0.80 are typical of all 
generations between the fourth and the fifteenth one; 
therefore with these values, by simply scaling the size, 
any zone of the respiratory system in the cited 
generation range can be reproduced accurately. The 
dimensions to model generations 4-5 (the first ones 
considered in this work) are then: D4 = 4 mm [6], L4 = 
13 mm, D5 = 3.2 mm, L5 = 11 mm. According to the 
description of Hammersley and Olson, the geometry 
was realized reproducing 80% of the parent branch as a 
cylinder and the last 20% as a curved transitional zone; 
the transitional zone was generated by the Boolean 
union of a frustum, two tori and the first part of the two 
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 cylinders representing the daughter branches; in order to 
create this zone with length of 0.2·Lparent, the curvature 
radius of the tori was chosen equal to the diameter of 
the daughter branch; flow divider sharpness was set to 
0.1·Ddaughter .  

One of the purposes of this work was to analyse the 
airflow development in the airways, which was not 
methodically studied by previous researches. Therefore, 
the simulations were performed in succession, from 
generation 4 to generation 15, introducing the outlet 
flow profile of a simulation as inlet for the subsequent 
one. Before being introduced as boundary condition, the 
velocity profile was rotated of 90°, in order to represent 
the mutual orthogonality between two successive 
bifurcation planes. In fact, inspections of human lung 
casts and bronchographic images revealed that an 
azimuthal angle of 90° can create a realistic three-
dimensional lung model [8]. Due to the adopted 
condition, the integration grid was created considering 
only half length for the ducts. Thus, the domain 
dimensions for generations 4-5 became: D4 = 4 mm, L4 
= 6.5 mm, D5 = 3.2 mm, L5 = 5.5 mm.  

The computational grid, realized with the pre-
processor GAMBIT of Fluent Inc., is shown in Figure 1, 
which also reports the names used subsequently in this 
paper to indicate the branches. The grid consists of 
about 80,000 tetrahedral cells. The outlet condition 
taken as inlet in the subsequent bifurcation was that of 
the daughter branch b; therefore, in order to have more 
detailed information, the mesh was thickened in this 
zone (Fig. 1 b and c). 

 
    (b) 

 

       (a) 

    daughter a      daughter b 

 
       parent inlet 

      (c) 

 

Figure 1: (a) Integration grid; (b) Grid of the daughter 
airway a; (c) Grid of the daughter airway b 

Simulations were performed by means of the 
Computational Fluid Dynamics code FLUENT v. 
6.1.22, based on the finite volume discretisation 
method. Particle trajectories were calculated by the 
Eulerian-Lagrangian method, which first solves air flow 
equations and then calculates the trajectories of the 
transported particles.  

The flow was considered laminar, incompressible 
and in steady-state conditions (inspiration). The tubes 
were assumed inelastic and smooth. Transfer of 
momentum between gas and particles due to drag was 

neglected, because of the very low volume fraction of 
the dispersed phase. 

In the first simulation (generation 4) a uniform inlet 
velocity of 2.5 m/s was prescribed, corresponding to a 
light exercise breathing condition (Q = 30 l/min at 
trachea), assuming an equal flow division in all 

branches before generation 4: 875.1
244 ==
QQ  l/min, 

5.2
4/2

4

4
4 ==

πD
Qv  m/s. An equal flow division in the 

branches was assumed also for the subsequent 
generations, specifying two outflow boundary 
conditions at the flow exits, each with a fractional flow 
rate equal to 0.5. Nowak et al. [9] showed that the 
outflow approximation yields an insignificant deviation 
from particle tracking calculations made with constant 
pressure outlet boundary conditions (which are more 
physiologically realistic, since the air flow is driven by 
the pressure at the end of the lung airways); moreover, 
the outflow condition can be also used to simulate the 
cases of downstream airway obstruction. 

Spherical particles of density 1 g/cm3 with diameters 
of 1, 2, 5, 10, 20 and 50 µm were introduced in the 
domain from the inlet of the parent branch. A 
comparison between particle deposition obtained with 
and without considering the Saffman lift force was 
carried out. Two different methods of introducing the 
discrete phase were compared: the first one consisted of 
introducing the particles with uniform distribution on 
the whole inlet surface and with a uniform velocity 
equal to the mean velocity of the inlet air; in the second 
one the spatial distribution and velocity of the particles 
were set equal to those at the exit of the preceding 
simulation, after being rotated of 90°, in order to 
reproduce the mutual orthogonality of two subsequent 
bifurcations. In both cases particle trapping when 
reaching the wall was assumed.  

At a first sight the latter model (non-uniform inlet 
distribution) appears closer to the physical situation; yet 
it should be considered that it assumes a sort of 
perfectly “frozen” configuration of the respiratory 
airways, which may not correspond exactly to the actual 
situation. Deformation and relative displacement of the 
different parts of the airways can induce some drift of 
the particles with respect to the predictions of the non-
uniform inlet model. This is why we considered also the 
condition of uniform inlet distribution of particles, 
which corresponds to a complete mixing of the particles 
between different subsequent generations. Of course the 
two situations are extreme cases and the actual 
condition is likely to lie in between. 

In the uniform inlet distribution the prescribed 
particle inlet velocity may be different from the actual 
one; in order for the simulation to be reliable, this effect 
must be confined to a small portion of the system, close 
to the entrance, and the particles must reach their proper 
velocity quite soon. This occurs when the particle 
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 particle residence time iii QV /≈τ  (where Vi indicates 
the volume and Qi the flow rate of the i-th generation, 
respectively). As highlighted in Tables 1 and 2, this is 
true for particles with dp ≤ 10 µm, for which τ  ≥ 10τp, 
and also for particles with dp = 20 µm, for which τ  > 
5τp. For bigger particles the condition is not satisfied 
and thus the uniform inlet approach is not reliable. 

 
Table 1: Particle response time vs size 
 

dp [µm] τp [s] 
1 3,10·10-6 
2 1,24·10-5 
5 7,76·10-5 
10 3,10·10-4 
20 1,24·10-3 
50 7,76·10-3 

 
Table 2: Particle residence time at each generation 
 

 
Results and discussion 
 
Velocity field 
 

Before starting the analysis of the airflow 
development in the airways, the computational method 
was validated comparing axial velocity profiles at the 
end of the fifth generation branch with those obtained 
experimentally by Zhao and Lieber [10], who studied 
the steady inspiratory flow in a single bifurcation 
system representing a major bronchial bifurcation. 
Comparison were made with the profiles at station 17 
(where the tube has become cylindrical) and Re = 518 
(the nearest to the condition at generation 5: Re = 426) 
of the work of Zhao and Lieber. As highlighted in 
Figure 2, the agreement is good both in the bifurcation 
plane and in the plane orthogonal to the bifurcation. 

Figure 3 shows the dimensionless axial velocity 
profiles in the middle of the fifth, eighth, tenth, twelfth 
and fifteenth generations. It is well discernible that the 
maximum of the profile in the bifurcation plane shifts 
towards the centre of the bifurcation and the “M” shape 
in the plane orthogonal to the bifurcation, typical of the 
first  generations of the respiratory system [3,4,10,11], 
turns into a parabolic profile. This behaviour was 
expected: Liu et al. [4], who investigated flow patterns 
and pressure drop in generations 5-7 (Weibel’s A model 
[6]) as a function of the Reynolds number, showed that 

when Re becomes < 200, the “M” shape disappears and 
the shifted maximum tends to move towards the axis of 
the branch. Table 3 reports the Reynolds numbers for 
each generation (Re are based on the inlet diameter and 
the mean inlet velocity). At generation 8 (Re = 104) the 
“M” shape is practically disappeared and the profile 
becomes completely parabolic from generation 10 (Re = 
41), after which it does not change anymore; in the 
bifurcation plane, as also observed by Liu et al., the 
profile transformation is slower, anyway it leads to a 
symmetric parabolic profile at generation 12. 
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Figure 2: Comparison of velocity profiles with Zhao 
and Lieber [9]. ( ) simulations; (♦) Zhao and 
Lieber. (a) Bifurcation plane; (b) Plane orthogonal to 
the bifurcation 

Table 3: Reynolds numbers at the analysed generations 
 

Generation number Re 
4 685 
5 426 
6 266 
7 166 
8 104 
9 65 
10 41 
11 25 
12 16 
13 10 
14 6 
15 4 

 
The reason of such a behaviour can be explained by 

analysing the development of secondary flows along the 
respiratory airways (Fig. 4). Zhao and Lieber [10] and 
Comer et al. [3] concluded that the skewed profile in the 
bifurcation plane is caused by vortices, that move the 
fluid from the outer wall of the bifurcation to the flow 
divider; the presence of two symmetric vortices induces 
the presence of the “M” shape in the transverse plane. 
This couple of vortices is clearly discernible at 
generation 5 (Fig. 4a), but progressively disappears in 

Generation number τi [s] 
4 5,06·10-3 
5 5,18·10-3 
6 5,31·10-3 
7 5,44·10-3 
8 5,57·10-3 
9 5,70·10-3 

10 5,84·10-3 
11 5,98·10-3 
12 6,12·10-3 
13 6,27·10-3 
14 6,42·10-3 
15 6,57·10-3 

(a)

(b)
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the subsequent generations. At generation 8 (Fig. 4b) a 
main vortex which moves the fluid towards the centre of 
the bifurcation is still present and therefore the velocity 
maximum in the bifurcation plane is still shifted towards 
the flow divider; however, the secondary flow has lost 
its symmetry, causing the formation of a nearly flat 
profile at the centre of the tube in the transverse plane 
(instead of the “M” shaped profile). From generation 10 

(Fig. 4c), the vortex disappears and the secondary 
motions change their direction, moving the fluid 
towards the axis of the branch and therefore shifting the 
velocity maximum in that direction; the low-speed flow 
tends to move towards the outside of the duct, causing 
the progressive transformation of the “M” shape to a 
parabola. 

 

Particle deposition 
 
As highlighted in Figure 5, reporting the ratio 

between deposited particles and tracked particles at each 
generation, the presence of the Saffman lift force 
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Figure 3: Dimensionless inlet flow profiles at 
generation 5 ( ), generation 8 ( ), 
generation 10 ( ), generation 12 ( ) and 
generation 15 ( ). (a) Bifurcation plane; (b) 
Plane orthogonal to the bifurcation 
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Figure 4: Secondary velocities at the inlet of the 
domain. (a) Generation 5; (b) Generation 8; (c) 
Generation 10; (d) Generation 12 
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Figure 5: Deposited particles/particles tracked at each 
generation. (a) Branch + carina, uniform distribution; 
(b) Branch + carina, non uniform distribution; (c) 
Branch, uniform distribution; (d) Carina, uniform 
distribution . (): lift force; (- - - -): no lift force. +: 
1 µm; ×: 2 µm; : 5 µm; : 10 µm; ◊: 20 µm; ♦: 50 
µm 
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 influences only the behaviour of the biggest particles in 
the case of uniform inlet distribution (Figure 5a), and 
does not influences at all the particle behaviour in the 
case of non uniform inlet distribution (Figure 5b). In the 
former case the effect, for particles with diameter dp ≥ 
10 µm, is an increase of the deposition when the lift 
force is considered; this increase can reach 30% (dp = 20 
µm). As expected, the effect is higher for the deposition 
in the branches than on the bifurcation ridge (carina) 
(Figure 5c,d): the increase in particle deposition in 
branches can even arrive at 100%. However, this 
difference is practically not detectable if we refer the 
number of particles deposited at each generation to the 
number of particles entering generation 4 (Figure 6). 
Moreover, particles of every size deposit mainly on the 
carina, where the effect of the lift force is negligible 
(Figure 5d). Therefore, since the aim of works like ours 
is to determine the locations of higher particle 
deposition and the particle concentration in such zones, 
we can conclude that simulations can be made 
neglecting the effect of the lift force. 
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Figure 6: Deposited particles/particles entering 
generation 4, uniform distribution. (): lift force;   
(- - - -): no lift force. :  10 µm; ◊: 20 µm; ♦: 50 µm 
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Figure 7: Deposited particles/particles entering 
generation 4, no lift force. (): uniform distribution; 
(- - - -): non uniform distribution. (a) +: 1 µm; ×: 2 µm; 

: 5 µm; (b) : 10 µm; ◊: 20 µm; ♦: 50 µm 

It is instead interesting to note the huge difference in 
particle deposition between the two methods of 
introduction of the discrete phase (Figure 7): the 
deposition calculated by the uniform inlet distribution is 
always higher than that calculated by the non uniform 
one. It was observed that the non uniform inlet 
distribution implies that, after the eighth generation, 
most particles concentrate in the middle of the branch 
section, where the air velocity is higher, and therefore 
the probability of impacting the wall is smaller. This 
would explain the smaller deposition rate for the non 
uniform distribution.  
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Figure 8: Deposited particles/particles entering 
generation 4. (a) dp = 5 µm; (b) dp = 10 µm. (◊): 
Martonen VT = 500 ml, f = 30 min-1; ( ): 
Martonen VT = 1000 ml, f = 15 min-1; (×): 
Martonen VT = 1500 ml, f = 30 min-1; (- - ♦ - -): 
uniform inlet; (- -  - -): non uniform inlet 

Thus, it was necessary to compare our results with 
those found in the literature, in order to understand 
which approach is more accurate. Figure 8 reports the 
comparison between our results for 5 and 10 µm 
particles and the predictions of the models by Martonen 
et al. [12], who calculated the particle deposition for the 
whole respiratory system at three respiratory conditions 
(tidal volume VT = 500 ml and breathing frequency f = 
30 min-1 ⇒ Q = 15 l/min; VT = 1000 ml and f = 15 min-1 

⇒ Q = 15 l/min; VT = 1500 ml and f = 30 min-1 ⇒ Q = 
45 l/min). Their work was validated by comparison with 
the experimental data of Heyder et al. [13]. We decided 
to compare our predictions with those of Martonen et al. 
instead of those of Heyder et al. because the data of 
Martonen et al. are also reported on a generation-by-
generation basis, whereas those of Heyder et al. only as 
deposition in larger regions (total deposition, 
tracheobronchial deposition, pulmonary deposition), and 
therefore it was difficult to find a correspondence 
between our generations and the regions of Heyder et 
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 al.; anyway, the fit between the data of Martonen et al. 
and those of Heyder et al. is very good, hence 
comparison of our results with those of Martonen et al. 
is not significantly different from comparison with those 
of Heyder et al. It appears from Figure 8 that the 
particle deposition is predicted better by the uniform 
inlet distribution than by the non uniform one. There are 
some differences between our predictions with the 
uniform distribution and those of Martonen et al., which 
may be due either to the differences in the air flow rate 
or to the fact that we did not consider the deposition in 
the earlier generations: maybe the particle history partly 
affects the results. Anyway, this comparison allows one 
to conclude that the uniform distribution is more 
accurate than the non-uniform one for particles with 
diameter until around 10 µm. Moreover, a qualitative 
comparison with the reference values for regional 
deposition provided by ICRP [14] shows that the 
uniform inlet distribution is the more reliable also for 
particles of diameter until 20 µm: it predicts that these 
particles can reach the respiratory zone (from generation 
16 to alveoli), in agreement with the reference values of 
ICRP, whereas the non uniform distribution calculates 
complete deposition before generation 10. 
 
Conclusions 
 

Simulations of the airflow showed a relevant change 
in the velocity profiles during the passage in the 
airways, because of the transformation of secondary 
flows along the respiratory airways. 

Simulations of the particle deposition pointed out 
that the effect of the Saffman lift force can be neglected 
and that the more accurate method of introducing the 
discrete phase is the uniform distribution, even if at a 
first sight the non uniform distribution may appear more 
realistic. The latter result is very interesting if seen on 
respect of the computational time: the non uniform inlet 
method needs a much larger number of particles to 
reproduce the behaviour in the lungs (the number of 
particles decreases as they pass through the generations, 
because only the particles at the exit of the daughter 
branch b are introduced in the following simulation); as 
a consequence, the computational time increases 
dramatically.  

The simulations showed that only a small portion of 
particles of diameter up to 10 µm deposits in the 
conductive zone (the total deposition in generations 5-
15 is less than 10% for dp = 1-5 µm and of 17% for dp = 
10 µm); the deposition of particles with diameter of dp = 
20 µm is of about 50% in the analysed generations; 
particles with diameter of 50 µm do not reach the 
respiratory zone. The deposition is always higher on the 
carina, where from 60% to 80% of the total deposited 
particles stop, except for particles of 1 µm, for which 
the percentage of deposition is of 20%.  
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