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ABSTRACT

The aim of this work is to study the airflow resistance in
an asymmetrical tracheobronchial tree model. Computational
Fluid Dynamics (CFD) simulations were made and the results
have been analysed and compared to literature. New corre-
lations relating the viscous flow resistance to local Reynolds
number and airway geometry are proposed. Further work in-
cludes the implementation of these correlations in a mathe-
matical lumped model to analyse the influence of the inertial
effects and lung asymmetry on the ventilation distribution in
the lungs.

Keywords: airflow resistance, tracheobronchial tree, CFD,
lumped model

INTRODUCTION

The lungs are a complex organ of which the primary
function is the exchange of oxygen and carbon dioxide with
the environment. For a healthy individual, breathing is a nat-
ural process that takes place fluently. However, several lung
diseases such as asthma or chronic obstructive pulmonary dis-
ease cause breathing to be extremely difficult and uncomfort-
able. The field of lung mechanics is an important research
topic to better understand the breathing process. In particular,
the pulmonary airway resistance is a main clinical indicator.
This resistance is the result of the airway resistance and the
tissue resistance [1]. The airway resistance is defined as the
pressure difference between the alveoli and the mouth divided
by the volumetric flow rate into the lungs. It is strongly linked
to the inertial effects and the undeveloped character of the ve-
locity profile of the flow in the airways [1]. It is generally

accepted that the airways up to the seventh - tenth generation
of the tracheobronchial tree contribute to the most part to the
airway resistance in the normal adult human lungs [2].

Different studies attempted to characterise the airway resis-
tance in a healthy human adult. Pedley et al. [3] introduced
the definition of the parameter Z as the ratio of the actual
energy dissipation in an airway, AFE, to the Poiseuille dissi-
pation, AEp (i.e., the energy dissipation if a Poiseuille flow
were fully developed within the airway). They proposed a
correlation for Z based on measured inspiratory flow profiles.

AE

AEp
However, their approach relies on two important assumptions.
First, they use the anatomical model of Weibel et al. [4],
which is based on the assumption that the lungs can be repre-
sented as a symmetrical, dichotomous branching system [5].
It is known that the lungs present a natural asymmetry where
each parent airway gives rise to one smaller and one larger
daughter airway [6]. Secondly, the authors neglect the vis-
cous pressure drop in the bifurcation region [7]. These two
assumptions result in an overestimation of AF, as already ev-
idenced by other researchers [7] [8].
Several studies aimed to analyze the airflow and velocity pro-
files within a physiological asymmetric lung geometry. Yet, to
our knowledge, for an asymmetric lung geometry, no revised
correlations for Z have been proposed to date. Additionally,
the asymmetric lung geometries used are often based on Com-
puted Tomography (CT) scan of one adult, causing the results
to be subject-specific. Therefore, in this work, the asymmetry
of the lungs is introduced by the use of a systematic branching
asymmetry as proposed by Florens et al. [6]. The objective
of this work is to propose extended correlations of Z using a
model approach and taking into account the complex nature
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of the lungs, in particular its geometry. More specifically, the
objective is to propose correlations taking into account four
parameters: the degree of asymmetry of the lungs, the na-
ture of the airway (small or large airway), the local Reynolds
number within the airway, Re, and the ratio of the length to
the diameter of the airway.

PROBLEM STATEMENT

Geometry of the system

Computational Fluid Dynamics (CFD) simulations of air-
flow during inspiration and at rest were performed on a tra-
cheobronchial tree composed of three consecutive generations.
The airways are referred to with a couple (3, j), where i is the
generation number and j is the airway number within this gen-
eration (j = 1,..,2¢71). A general representation of this tree
is shown in Figure 1.

4
N
; [N
(31) (32 ‘\ (3,4)
Figure 1: Representation of the tracheobronchial tree geome-
try composed of three generations. Each airway is referenced
with coordinates (i, ).

The tree geometry is parameterized according to four different
parameters. The first parameter is the branching asymmetry,
&, which is characterized by two different scaling ratios, hmi,
and hmax. Amin and hmax are linearly related to ¢ and are the
ratio of the diameter of each smaller and each larger daugh-
ter airway to the parent diameter, respectively. In the case of
a purely symmetrical tree (§ = 0), Amin = hmax = ho = 2715.
This is in accordance with Weibel’s ”A” model [4]. § = 1 cor-
responds to physiological values for Ay, and hpya.x, derived
by Florens et al. [6]. The second parameter is «, defined as
the ratio between the length, L; ;, and diameter, D; ;, of an
airway with coordinates (7, j). « is independent of the coor-
dinates (4, ).

In this work, three different values are considered for 4 (0, 0.5
and 1) and « (2.5, 3 and 3.5). The third and fourth parameters
are the branching angle, 6, and the azimuthal angle, ¢, the lat-
ter being angle of rotation between consecutive bifurcations
(see Figure 1). 6 is set to 70°and ¢ is equal to 90° [8].

Modeling assumptions and equations

For the considered CFD simulations, two major assump-
tions are made. First, an incompressible Newtonian fluid is
considered. Secondly, isothermal conditions are assumed. Un-
der these assumptions, the airflow within the tracheobronch-
ial tree is analyzed by solving the continuity and Navier-Stokes
equations, in a stationary state and in a dimensionless form:

8uk
=k _9 2
0y (2)
Oup, op 0%uy,

Rew U S = Bur T Omdm ®)

where (x1, x2, x3) are dimensionless cartesian coordinates.
uy, is the x-component of the dimensionless air velocity and
p is the dimensionless pressure. xy, is scaled by the diameter
of the first generation, D1 1, uy is scaled by the average ve-
locity at the inlet of the first generation, U, and p is scaled by
the ratio %. Re, ; is the Reynolds number in the first gen-

UDl,lP

eration of the tracheobronchial tree, defined as , where

p is the density of the air and p its dynamic viscosity.

Boundary conditions

The boundary conditions for the airflow are:

e A constant dimensionless velocity at the inlet of the tra-
cheobronchial tree equal to 1.

e Zero pressure at the four outlets (p = 0). Using a math-
ematical lumped model on the air flow in a complete
lung (not presented here), plausible pressure distribu-
tions within the tracheobronchial tree were obtained.
These distributions have been used to verify that set-
ting the outlet pressures to zero or setting appropriate
pressure distributions has no significant influence on the
Z-values.

e No-slip conditions at the solid surfaces.

NUMERICAL PROCEDURE

Solver and meshing

The equations and boundary conditions defining the prob-
lem are solved using COMSOL Multiphysics® 5.3. It is based
on the Finite Element Method (FEM). First-order discretiza-
tion schemes are selected for the pressure and the velocity.
The discrete equations are solved with the default solver us-
ing the algebraic multigrid method resulting in good conver-
gence characteristics. The mesh is constructed using default
physics-controlled meshing sequences. Independence of the
simulations results on the mesh size has been verified.

Post-processing

For each geometry, Re;; varies from 10 to 1000. These
values correspond to inspiratory flow conditions in genera-



tions one to ten for a healthy human adult at rest. The post-
processing of the simulations consists in evaluating Z in each
of the four airways of the third generation of the bronchial tree
by using the following equation

7= AE @)
AEp
with AF the actual dimensionless energy loss and AEp the
dimensionless energy drop if the flow within the airway were a
fully developed Poiseuille flow. The methodology to calculate
AF and AFEp is based on the approach of Wells et al. [8],
adapted to include the case of asymmetric lung geometries.
Note that equation (4) is equivalent to evaluating the ratio of
the true flow resistance, R, to the flow resistance if the flow
within the airway were a fully developed Poiseuille flow, Rp.

0 100 200 300 400 500
Re (-)

Figure 2: Z in the airways of the third generation of bronchial
tree vs the local Reynolds number within these airways. The
geometry is defined by 6 = 0 and o = 3.5. ([J) are the
numerical results of Wells et al. [8]. (0) are the numerical
results of this work.

Comparison with literature

To assess the validity of our numerical procedure, the re-
sults for a geometry defined by 6 = 0 and o = 3.5 are bench-
marked against those of Wells et al. [8], as shown in Figure 2.
This shows that our approach correctly evaluates the energy
loss within an airway of the bronchial tree. The small differ-
ence between our results and those of Wells et al.[8] is most
likely due to the different methodologies used for creating the
geometry of the airway bifurcations.

RESULTS AND DISCUSSION

The results of the CFD simulations for the four airways of
the third generation in asymmetric lung geometries (6 = 0.5
and 6 = 1) are shown in Figure 3. Interestingly, the results
show little dependency of Z on the nature of the parent (i.e.,
small or large parent). It can be observed that, for a fixed na-
ture of the airway within its own generation (small or large),
Z takes a value that is larger than one when Re ~ «//0.06.
Here, a parallel can be drawn with the well-know correlation

L./D = 0.06Re, relating the entrance length number, L,
(i.e., the length needed in a tube or duct to establish a fully de-
veloped Poiseuille flow) with Re and the diameter of the tube
or duct, D, for a laminar flow.

A clear distinction can be made between the two smaller (Zgyan)
and the two larger (Zjage) airways within the third generation.
For a fixed asymmetry and at equal values of Re, Z is larger
in the two larger airways than in the two smaller airways. For
the large airways, three important observations can be made.
First, a linear relation between Zj,r. and Re is observed. Sec-
ondly, at a fixed value of Re, Zje increases as the asymme-
try, 9, of the airway increases. Lastly, it can be noticed that,
for a fixed value of Re, Z decreases as « increases. This is
expected as a larger value of a corresponds to a longer dis-
tance for the velocity profile to develop towards a Poiseuille
flow. Regarding the smaller daughter airways, at a fixed value
of Re, Zsna decreases as the asymmetry, 4, increases. The
relation between Zg, and Re or a appears to be more com-
plex than for the larger airways. These phenomena require
further investigation. Nevertheless, using the NonlinearMod-
elFit’ function implemented in the software Mathematica®,
the following correlations are obtained for Z for the large air-
ways as well as for the small airways:

Ziage = 1+ (1 — 2 @) (1 + c3 6)(Re — —0%6) (5)
3
Lsman = 1 + 04(1 —C5 6)(Re — m) (6)

withe; = 41.7x107%, ¢ = 1.25x 1074, ¢3 = 0.103, ¢4, =
37.7 x 107% and ¢5 = 0.653. As opposed to the correlation
for Zyarge, the correlation of Zgy,n is not sensible to a variation
of «, but is based on a fixed value of « equal to 3.

In a further stage of this study, equations (5) and (6) are to be
implemented in a mathematical lumped model of the lungs in
order to study the influence of the inertial effects and of the
heterogeneous geometry on the overall resistance of the lungs
and on the distribution of ventilation.

CONCLUSIONS

The influence of the geometry of the tracheobronchial tree
on the energy dissipation in an airway has been investigated.
This dissipated energy appears to be little influenced by the
nature of its parent airway (i.e., small or large parent). Includ-
ing the heterogeneity of the lung geometry allows making a
distinction between the behaviour of the small and the large
airways within an airway generation. The large airways show
a linear dependency on its local Reynolds number. Also, a
clear relation between the geometrical ratio of the length to
the diameter of the airway can be seen in case of the large
airways. The behaviour of the small airways appears to be
more complex and requires further investigation. Neverthe-
less, a correlation on the energy dissipation could be proposed
for both airway types.



2.0 2.0
1.8} 1.8}
L6t L6t
| F | F
z 14} z 14}
N | N
1.2 1.2
1.0} 1.0}
0 100 200 300 400 500 0 100 200 300 400 500

Re (-)

(a) Z vs Re for the minor airway branches for 6 = 0.5 and for

all considered values of « (2.5, 3, 3.5)
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(b) Z vs Re for the minor airway branches for 6 = 1 and for
all considered values of « (2.5, 3, 3.5)
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(c) Z vs Re for the major airway branches for § = 0.5 and o (d) Z vs Re for the major airway branches for 6 = 1 and a =
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Figure 3: Simulation results (symbols) and corresponding correlations (full lines) for Z vs Re for the small airways (top) and the
large airways (bottom). The graphs on the left correspond to an asymmetry of 6 = 0.5 and the graphs on the right to an asymmetry
of § =1.

ACKNOWLEDGMENTS

Funding for this work is provided by ESA and BELSPO

(ESA-ESTEC-PRODEX arrangement 4000109631). The au-
thors also acknowledge Fond de la Recherche Scientifique -
EN.R.S. (Postdoctoral Researcher position of B.S.) for its fi-
nancial support.

REFERENCES

[1]

(2]

West, J.B. 2011, Respiratory Physiology: The Essen-
tials, Lippincott Williams and Wilkins, 9th revised edi-
tion, Philadelphia.

Niewoehner, D. E. and Kleinerman, J. 1974, "Morpho-
logic basis of pulmonary resistance in the human lung and
effects of aging,” J. Appl. Physiol., 36(4), pp. 412-418.

Pedley, T.J., Schroter, R.C., and Sudlow, M.F. 1970, "En-
ergy losses and pressure drop in models of human air-
ways,” Respir. Physiol., 9, pp. 371-386.

(4]

(5]

(6]

(7]

(8]

Weibel, E.R. 1963, Morphometry of the Human Lung,
Springer Verlag, Berlin.

Pedley, T.J., Schroter, R.C., and Sudlow, M.F. 1970, "The
prediction of pressure drop and variation of resistance
within the human bronchial airways,” Respir. Physiol., 9,
pp. 387-405.

Florens, M., Sapoval, B., and Filoche, M. 2011, ”An
anatomical and functional model of the human tracheo-
bronchial tree,” J. Appl. Physiol., 110, pp. 756-763.

van Ertbruggen, C., Hirsch, C., and Paiva, M. 2004,
” Anatomically based three-dimensional model of airways
to simulate flow and particle transport using computa-
tional fluid dynamics,” J. Appl. Physiol., 98, pp. 970-980.

Wells, A K., Jones, I.LP., Hamill, 1.S., and Bordas, R.
2018, ”The prediction of viscous losses and pressure drop
in models of the human airways,” Int. J. Numer. Meth.
Biomed. Engng., 34.


https://www.researchgate.net/publication/333104505

